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THESIS ABSTRACT 
The objective of this thesis is to automate the manual 2D-patterned cutting of lace 
with high a accuracy and quality of the cutting edges. Four main problems for 
automating the cutting method were addressed; feature recognition technique for 
cutting path extraction, material handling system, laser beam manipulation and 
trajectory planning generation. An integrated mechatronic approach for designing the 
automated laser cutting system was outlined. 
The features of the 2D-patterned lace fabrics are not exactly identical and easily 
distorted nonlinearly due to handling operations. An active template matching 
technique was developed and implemented to recognise the distorted features of the 
2D-patterned shape cuttings. To accommodate the geometrical pattern variations, 
the cutting paths of the 2D-patterned shapes were extracted using either the chain-
coding technique or the binary morphological techniques. The results of the active 
template matching technique were compared with that of passive template matching. 
The performance of the chain-coding technique and the binary morphological 
technique was compared and evaluated. 
Three design concepts of the material handling system were envisaged. One of the 
design concepts was realised. The material handling system used machine vision 
coupled with two-stage PID control to recognise the image and control the motion of 
the material handling system. 
A conceptual model of the laser-beam manipulator was proposed. The mathematical 
model of the system dynamic and the inverse kinematics equations for the laser-
beam manipulator were derived. The performance of this laser-beam manipulator 
was compared with other types of laser beam manipulator. 
A fast-computation trajectory planning approach based on modification of trapezoidal 
velocity profile for controlling the movement of the laser manipulators was proposed. 
Dynamic constraints due to actuator limitations and the configuration of laser beam 
manipulators were included in the analysis. The results of the simulated trajectory 
planning were explained. 
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Pixel 
Pixel 
Pixel 
Pixel 
Pixel 
Pixel 
Pixel 
Pixel 
Pixel 
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Nomenclature 
YLnew The corresponding value of the y-coordinate Pixel 
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XRnewmin The minimum value of the x-coordinate at the Pixel 
right hand side of the reference web 
YXRnewmin The corresponding value of the y-coordinate Pixel 
for the minimum value of the x-coordinate at 
the right hand side of the acquired web 
XYRnew The minimum value of the x-coordinate at the Pixel 
right hand side of the acquired web of the next 
repeat pattern 
YRnew The corresponding value of the y-coordinate Pixel 
for the minimum value of the x-coordinate at 
the right hand side of the acquired web of the 
next repeat pattern 
a Angle of referent web image Degree 
p Angle of acquired web image Degree 
XCref X-centre co-ordinate of the reference image Pixel 
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Angleskew Skew angle of the image Degree 
a Magnitude of translation in the x-direction Pixel 
a Entry angle Degree 
p Exit angle Degree 
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Nomenclature 
Optical Laser Beam 
Symbol Description Units 
Wo Beam radius at focus mm 
f Lens focal length mm 
Wi input beam radius mm 
Laser beam intensity Wattslmm2 
p Laser power Watts 
liz Depth of focus mm 
M Magnification 
h Stand-off height mm 
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Electrical System 
Symbol Description Units 
La Armature inductance of DC-Motor H 
Ra Armature resistance of DC-Motor ohm 
Tm Torque of DC-Motor Nm 
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Eb Back EMF V 
Ea Armature voltage V 
~ Back EMF constant Vs/rad 
vii 
Nomenclature 
Dynamics System for the Laser Beam Manipulator 
Symbol Description Units 
Tm Motor torque Nm 
Jo Moment inertia of rotor and motor gear kg.m2 
Ro Radius of motor gear mm 
Co Viscous damping coefficient of motor Nms 
60 Angular displacement of motor shaft Radian 
Tl Torque at the driving pulley shaft and gear. Nm 
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Rl Radius of driving gear mm 
Cl Viscous damping coefficient of the driving gear Nms 
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Dynamics System for the Material Handling System 
Symbol Description Units 
T Motor torque Nm 
Ft Dynamic traction force exerted by the pinion gear N 
Fs Static traction force exerted by the pinion gear N 
Fdynamic Maximum dynamic force can be applied on the web N 
Fstatic Maximum static force can be applied on the web N 
It Friction coefficient of the linear slide 
Rg Radius of the pinion gear mm 
Tu Friction torque due to support bearings of carriage Nm 
Ts Motor stall torque Nm 
T, Motor rated torque Nm 
ro Angular speed of the pinion gear rad/s 
Fn Normal force of the linear carriage N 
Control System 
Symbol Description Units 
Kp Proportional gain 
Ki Integral gain 
Kd Derivative gain 
jro Complex number of s-plane 
T Sampling Time seconds 
k Sequence of digital signal 
ek Error 
uk Control action 
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Nomenclature 
Trajectory Planning 
Symbol Descrl ptlon Units 
~ Rounded error m 
ill< Error in the x-axis m 
!J.y Error in the y-axis m 
ex Entry angle degree 
~ Exit angle degree 
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Vmax Maximum velocity m/s 
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CHAPTER ONE 
INTRODUCTION 
The garment manufacturing industry is one of the largest industries in the world. 
Currently, the industry employs some 271,300 people in the UK and is the UK's 9th 
largest manufacturing sector with a turnover of £17.7 billion per year. In 1999, the 
industry exported £5.1 billion of goods(UK Clothing Industry Report 2000). It is a fact 
that the industry has been an economically important sector of the UK economy for 
hundreds of years. However, increasing globalisation has put pressure on this 
industry and its size has been decreasing steadily. One way to remain competitive is 
to produce a high quality product at a lower cost. This can be achieved by using 
automated production lines with state of the art technologies. The need towards 
automation of production lines in this industry is a challenging issue. In managing this 
issue, Loughborough University has embarked on laser lace-cutting concepts since 
1991 and this project is an extension of the ongoing research. 
1.1 Lace Web Materials 
Because of its delicate beauty and softness, lace has been one of the most popular 
and high value fabrics. The precise origin of lace making is unknown. Laces are 
generally divided into two categories, according to their construction. One is called 
needlepoint lace, the other is bobbin lace. Needlepoint lace, which is slightly older 
than bobbin lace, probably originated in Venice before the sixteenth century. 
Perhaps, bobbin lace originated in Flanders or Belgium (Collier and Tortora 2001). 
The manual technique for making both bobbin lace and needlepoint lace quickly 
spread throughout Europe. Each town developed its own style of lace, which had its 
traditional patterns and construction features. In the U.K., lace is manufactured 
mainly in the East Midlands area. The production of lace by machine began soon 
after 1800 by the introduction of the Leavers lace machine. In the 1980s computer 
based design and manufacture (CAD/CAM) of lace was introduced. Most modern 
2 
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lace is produced by the Leavers machine. Knitted lace may be made on the Rashel 
machine and the Schiffli machine produces some lace like embroidered fabrics. 
Typical length of web (100 m) 
E E E E 
51 ." 
'" -~ .5 
:: :: 
Figure 1.1: Example of 2D-Pattern on Lace Web Fabric 
Lace comprises a fine and complex pattern of threads as shown in Figure 1.1. The 
range of pattern types is numerous and driven totally by fashion demands. The 
design and manufacture of decorative lace is a highly complicated· process. Lace 
webs are produced on warp knitting looms with patterned breadths repeated across 
the width. The adjacent breadths of pattern are linked with a backing net. The net 
and pattern sections form the lace web, which can be typically 3.5 metres wide by 
100 metres long. The individual patterned lace breadths are separated by straight 
slitting and then using a scalloping process. The function of straight slitting is to 
separate the web longitudinally into more manageable widths of typically 1.5 m. The 
purpose of lace scalloping which follows the edge of the lace pattern is to separate 
the lace into its individual patterned lace breadth. This web breadth or ribbon has a 
width of 15 mm to 250 mm and a length of 100 m. Before the straight slitting and 
scalloping process, the lace is dyed and stentered for the required colour and 
stiffness, respectively. Then, the feel of lace texture is adjusted using a paraffin-
based softener. 
Lace webs are normally one of two types: rigid lace which exhibits lower elasticity, 
and stretch lace where the material is considerably more elastic. The chemical 
3 
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property of the polymer based fibres , the lace pattern and the sentering process 
determine the stiffness or elasticity of the lace web. However, it is worth mentioning 
that lace web is not perfectly linear elastic since it does not obey the Hooke's law. It 
is non-linear elastic material. 
1.2 Manual Cutting Concept of Two-Dimensional Patterned Shape 
The existing manufacturing process of lace garments is a mixture of old and new 
technologies. At the upstream of the production line, CAD/CAM technology has been 
utilised for the knitting machine control. At the intermediate stream of the production 
line, the automated inspection of the lace fabric is performed using machine vision 
(Farooq et al. 2002) and (Bradshaw 1995). Another new technology, a vision directed 
laser is used to replace the old manual technique of lace scalloping (Jackson et al. 
1994-a). These advanced technologies have automated and accelerated the 
manufacturing process of the lace garments only up to the scalloping process. After 
the scalloping process, the manual methods of operations for making the lace 
garments are still pervasive. One of which is the manual method of 2D-patterned 
shape cutting 
.un: sun "I4T LAC&') u. ,UnOlUGII1 Up' 199nl1"'" ~ T TlI '1,,1,. SCAt,t,(I.5 UO P'T!~III1S "~~ 
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Figure 1.2: Manual Method of 2D-Patterned Shape Cuttings 
The web of individual pattemed lace breadth or ribbon must be cut into two-
dimensional shapes for making the lace garments. This 2D-patterned shape cutting 
from the individual lace breadth is still done manually by the hurnan operators. These 
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manual patterned shape-cutting methods are normally using a form cutter or other 
mechanical cutting tools such as scissors and dies. As shown in Figure 1.2, a die 
that is sharp at the one of its edges, is used for large shape cuttings, and scissors 
are used for small intricate motif cuttings. In this manual technique, human operators 
are required to accomplish the cutting tasks. This process is very slow, tedious and 
not consistent in quality, due to human fatigue and skills. Moreover, the edges of the 
cutting paths are not sealed and consequently the edges are easily unravelled. The 
problem becomes more demanding if the size of the cutting pattern is large and 
needs to follow certain features or motifs of the fabric pattern. For example, in 
addition to cutting the lace according to the required shape, sometimes it is required 
that the cutting path must be passing through some important features relative to the 
local 2D-pattern of the lace. This will put an extra burden on the human operators to 
cut the pattern according to the required shape as well as the features of the lace. 
In this project, the cutting of 2D-patterned shapes is focussed on two types of 
shapes: 
1. A large shape cutting with a maximum size of 600mm length x 250 mm width 
2. A small Intricate motif cutting with size of 60 mm length x 40 mm width 
Figure 1.3 (a) and (b) show the examples of these two types of shape cuttings, 
respectively. The shape cuttings shown in the figure are not according to the same 
scale. Furthermore, all aspects of pre-handling and post-handling procedures of the 
cutting concepts are performed manually. 
(a) Large Shape Cutting (b) Small Motif Cutting 
Figure 1.3: Examples of 2D-Patterned Shape Cuttings 
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1.3 Problem Definition 
In order to automate the manual cutting concept of the 2D-patterned lace fabrics, 
there are several problems that have been identified. Four of which will be addressed 
in this research project. These problems are as follows 
• 2D pattern recognition technique 
• Material handling system 
• Laser manipulator 
• Trajectory planning 
1.3.1 2D-PaHern Recognition Technique 
Cutting out garment piece parts from bulk ribbon web supplies of fabric prior to 
assembly is a crucial stage in the garment manufacturing process. Mistakes 
produced at the cutting out stage are reflected in increased assembly times and 
garment reject numbers. It also often causes bottlenecks in the production line of 
garment manufacturing. The cutting of 2D-patterned shapes of lace garments 
requires both the pattern geometry and piece part geometry to be accurately cut. On 
most designs of lace, the pattern on the breadth repeats many times along 
lengthwise and also across the width, but the repeats are never exactly identical. 
Therefore, shape cutting from this type of workpiece is difficult to automate because 
lace pattern geometry varies even within the same manufacturing batch. Moreover, 
the nature of lace is flexible and extensible. Consequently, it easily distorts and 
effectively changes pattern geometry due to cutting and transport forces. Hence, the 
variations in pattern geometry as well as the web deformation must be recognised 
before the cutting process. The pre-programming approach cutting method is not 
possible for this type of non-rigid material. A technique, which adapts to the local 
geometry, is therefore necessary. No such established facility exists based on 
mechanical or other means. This is presently carried out manually by a highly skilled 
operator. As such, an on-line pattern recognition technique is required to determine 
shape cutting and extract the cutting path, before the cutting process. 
6 
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1.3.2 Trajectory Planning 
The demand for increased productivity, as well as quality of the lace garment 
manufactured products, require the laser beam manipulators to operate at higher 
speeds and with smoother trajectory planning. The trajectory planning method must 
be optimised and synchronised with the laser intensity to ensure high speed cutting 
with even heat affected zone along the cutting path. In general, the even heat 
affected zone along the cutting path and the accuracy of the cutting shape dimension 
will determine the quality of the lace cutting. 
Therefore, trajectory planning is a very important aspect in a high-speed laser beam 
manipulator and needs to be addressed. Assuring a fast and smooth trajectory 
planning becomes more complicated when both the cutting-path of the 2D patterned 
shape and the actuator torque of the laser beam manipulator are subjected to certain 
constraints. 
1.3.3 Laser Beam Manipulator 
The maximum size of the large shape cutting is 600 mm of length and 250 mm of 
width. It is also required to cut a small size of motif with an intricate cutting path. 
These two types of cutting shapes represent a mixture of long straight-line cutting 
and intricate cutting paths. There are several configurations of laser-beam 
manipulators that can be used for cutting these two types of shape cuttings. These 
different configurations of laser-beam have their own advantages and disadvantages. 
Furthermore, a different configuration of laser beam manipulators will have different 
performance. This performance depends on the dynamic constraint, optical property, 
elasticity of mechanical components and resonance of the laser beam-manipulators. 
Therefore, it is essential to search a suitable design concept of the laser-beam 
manipulator, which is an optimum solution to accomplish the cutting tasks. 
7 
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1.3.4 Web Material Handling system 
Lace garment materials can be classified as non-rigid materials and they may deform 
during handling due to transport and cutting forces. Sometimes such deformations 
are very significant. These deformations could be in elongation, skew, orientation 
and position of the materials. The variable physical properties of the lace materials, 
which are very flexible, soft and elastic, cause the design of reliable automated 
handling equipment relatively difficult. In fact, most of these materials tend to be 
handled manually during the manual 2D-cutting process. Therefore, an intelligent 
handling of the non-rigid material is essential in order to facilitate the cutting process. 
This part of the research is crucial to the success of the integrated laser cutting 
system. The lace handling system must be designed to accommodate the long 
lengths and large widths of patterned web breadth. The lace breadth is typically 100 
m in length and 250 mm in maximum width. The handling system must present this 
lace breadth to the scanning and cutting zone in a regular manner without interfering 
with the scanning and cutting functions. In addition to that, the lace web needs to be 
presented with the minimum deformation to the vision system so that higher cutting 
accuracy can be achieved. 
1.4 An Integration Mechatronlc Solution 
The requirements for ever-increasing productivity and, perhaps more importantly, 
consistent high quality products have led to a number of research and development 
projects worldwide aimed at increasing automation. Mechatronic technology has 
been applied with great success in a variety of engineering manufacturing system, 
such as in the pharmaceutical industry, automotive industry and aerospace industry. 
Integration, the fundamental approach in mechatronics, as shown in Figure 1.4 
(Preston et al. 1994), is widely recognised as the key factor in the successful of those 
industries. However, one business segment, which has not benefited from the 
integrated approach to the manufacturing process, is the garment industry. Visual 
inspection by skilled operators is applied at many stages of the process. Manual 
cutting concepts are still commonplace. Quality variability and bottlenecks at certain 
process stages are the result of this lack of integration, leading to high work in 
progress and increased product lead-time. 
8 
Chapter 1 Introduction 
Furthermore, the physical properties of most garment materials are very flexible, soft 
and delicate. According to Taylor (Taylor 1995), most of these materials tend to be 
handled manually and consequently approximately 80 percentage of paid labour in 
apparel manufacturing is directly engaged in material handling. 
MECHANICS 
MANUFACTURE 
Figure 1.4: Integration Approach of Mechatronlcs 
The availability of cost-effective microprocessors, non-contact sensors, and compact 
actuators enables a mechatonic solution to address the problem in the garment 
industry. Machine vision offers a non-contact method for the pattern recognition 
techniques. Machine vision is no longer an expensive and slow inspection research 
tool of a few years ago. The advent of increasingly fast image processing engines, 
typically transputers, digital signal processors (DSP) or digital hardware based, has 
meant that reasonably complex image processing algorithms can be executed cost 
effectively. Moreover, the availability of PC computers as the basis of the vision 
system enables a cost-effective machine being developed for the laser cutting 
system. 
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It has been envisaged that the use of CO2 laser, as a non-contact cutting tool, is the 
new lace-cutting concept. Cutting lace materials using laser energy exhibits high 
cutting efficiency. The high cutting efficiency of lace fabric using a laser is due to the 
fact that lace materials are poor thermal conductors with low melting temperature and 
easily absorb laser energy at the 10.61!m wavelength (Jackson and Preston 2000). 
This enables the laser-beam to cut the lace at high speed with minimum laser 
energy. Another advantage is that the edges along the cutting path are sealed and 
not easily unravelled. Due to its non-contact nature, laser cutting provides excellent 
flexibility for interfacing with the overall machine system and allows precision cutting 
without hard tooling and complex fixturing. In addition to that, the laser cutting 
experiences no tool wear, no vibration and no cutting force. 
Therefore, the integration of a laser and machine vision coupled with the other recent 
progress in mechatronic technologies enables the manual 2D-cutting concept of 
garment manufacturing to be improved. This will give higher productivity, a greater 
degree of responsiveness to product change, greater competitive value of the 
product and more flexibility of fashion and pattern design. This will lead to just-in-time 
manufacture with reduced work-in-progress, while retaining or improving the high 
quality associated with the product and providing an economical rate of production 
1.5 Research Objectives 
The overall objective of this research project is to automate the manual cutting 
concept of 2D patterned shapes cutting from lace-web material with high accuracy 
and quality of the cutting edge. In order to achieve this objective, it is necessary to 
develop a test-rig for a high-speed vision-directed laser-cutting system incorporating 
a material handling system. It is expected that the result of this research work will find 
wider exploitation within the garment industry and also further research development. 
10 
Chapter 1 Introduction 
1.6 Project Background 
This research is a further expansion of two previous works done in the area of high-
speed laser cutting of thin material. The two previous research projects were the 
lace-laser scalloping using vision directed laser (Tao 1995) and high-sped laser-
cutting of thin materials (Nico1l1994) and (Neulinger 1995). 
Figure 1.5: Laser Lace-Scalloping Machine 
The first research was focussed on pattemed shape scalloping. The lace was 
transported longitudinally and the laser-beam was scanned laterally. This 
combination movement of laser beam and the workpiece provided a very effective 
method of scalloping process. The laser-scalloping machine was later 
commercialised by the industrial research collaborator, Shelton Vision Company, and 
the commercialised design of the system is shown in Figure 1.5. Even though this 
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machine used vision system feedback for tracking the cutting path profile, it would 
not cut two-dimensional shaped pieces. This was because the real-time incremental 
path tracking method employed in the vision system is only meant for scalloping the 
lace pattern frorn the backing net. The material handling aspect of this machine used 
a rubber insulated rollers system. The use of friction rollers to transport the lace was 
very effective for the lace scalloping because the web lace was only cut longitudinally 
with limited lateral cutting. However, for cutting two-dimensional shape, the lace will 
be cut in both directions, longitudinally and laterally. The lateral cutting will make the 
web lace fabric discontinuous and consequently the use of roller mechanisms to 
transport the lace is not feasible. Therefore, a new method of web based handling 
system is needed to be designed for 20-patterned shape cutting of web based 
material. 
The second research project utilised two scanner-mirrors for steering the laser beam 
in the 20 working area. The use of a two-scanner laser manipulator system enabled 
this machine to cut a 20 cutting shape of plain thin material at a very high speed of 
2m/s. However, this machine could only cut a 20 shape of plain material. It could not 
cut 20 patterned shape cutting of non-rigid web fabric since the cutting profile was 
using a pre-programmable approach. This pre-programmable approach could not 
accommodate the on-line pattern variation or deformation since no vision feedback 
system was incorporated with the machine. This machine did not have a material 
handling system incorporated with the laser-cutting machine. 
The previous two machines employed a constant speed laser beam with a constant 
. intensity of laser power during the cutting process. A constant speed trajectory 
planning is not possible for 20-patterned cutting because of the small details of the 
cutting path profile. 
Hence, the research project in this thesis will merge the logic behind these two 
previous research projects and explore further research area to enable an intelligent 
of 20 patterned shape cutting from non-rigid web fabric incorporated with the 
material handling system. Further detail explanation of these two research projects 
will be explained in chapter two of the literature review. 
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1.7 Research Approach 
In order to achieve the above-mentioned objectives, the integrated design of the 
machine system, which encompasses the hardware and software of the system, is 
very important at the initial design stage of this opto-mechatronic machine. The 
hardware components of the laser cutting system consists of two subsystems, which 
are as follows 
• a laser-beam manipulator 
• a material handing system 
MACHINE 
VISION 
SENSORS 
ACTUATORS 
OPTICS 
AND 
LASER 
COMPUTER 
SOFTWARE 
TWO-DIMENSIONAL 
PATTERNED SHAPE 
CUTTING FROM 
NONRIGID 
MATERIALS 
ELECTRONIC 
INTERFACING 
Figure 1.6: Scope of the research project 
MECHANICAL 
DESIGN 
DESIGN 
METHODOLOGY 
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The software components of the laser cutting system consist of three computer 
programs, as listed below. 
• Computer program for the pattern recognition technique 
• Computer program to control the sensors and actuators 
• Computer program to generate the trajectory planning 
Due to the fact that this new cutting concept is still at the initial development phase, 
the project covers a wide scope of research area. The scope of this research 
consists of nine interrelated areas as depicted in Figure 1.6. It covers a wide and 
broad perspective of the laser cutting system in order to gain the necessary 
knowledge for resuming the development based on the two previous research 
projects. 
Because of the wide scope of this project, the method of approach has been divided 
into four phases. These four phases are as follows. 
• Phase One: System investigation and System modelling 
• Phase Two: Development of the Pattern Recognition Technique 
• Phase Three: Realisation of the Test Rig 
• Phase Four: Simulation of Trajectory Planning Method 
1.7.1 System Investigation and System modelling 
This phase of the project is used to investigate the top view design solutions of the 
laser cutting system. Based on these top view design solutions, mathematical 
models and conceptual models are developed and proposed. 
1.7.2 Development ofthe Pattern Recognition Technique 
The development of an effective pattern recognition technique is required for the 
identification and extraction of cutting path. The pattern recognition technique is also 
required in the material handling aspect of the system. 
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1.7.3 Realisation of the Test Rig 
Due to time constraints, not all aspects of the laser cutting system can be realised. 
The test-rig is only developed to test the robustness of the image processing and 
pattern recognition techniques. The test-rig will also be used to prove the working 
principles of the concept design of the material handling system. The laser 
manipulator is only accomplished in a conceptual model. 
1.7.4 Simulation of Trajectory Planning Method 
Based on the data from the pattern recognition technique, a method to generate a 
rapid and smooth trajectory planning is developed and simulated. The trajectory 
planning is then fed to the motion controller of the laser-beam manipulator. 
1.8 Research Novelty 
Three research novelties are identified in this research project. The first research 
novelty is a new laser-beam manipulator configuration. After a comprehensive 
literature survey, nobody has designed this configuration of laser beam manipulator. 
The trajectory planning, the system dynamics, and the optical properties of the laser-
beam manipulator will be explained. The second research novelty is a recognition 
technique for the identification of 2D-pattern feature subjected to non-linear 
deformations and pattern variations. These no-linear deformations are elongation, 
skew, orientation and position. In order to accommodate the geometrical pattern 
variations, techniques on how to recognise the shape cutting and then to extract the 
cutting path will be described. The third research novelty is an intelligent material 
handling system. The use of a vision system coupled with a two-stage PID control of 
the system is implemented in the handling system. The specific novelty in this 
handling system is of control the web tension within the required limits using the 
vision system. In addition to that, an integrated design process for a high-speed 
laser-cutting system will be proposed. 
15 
Chapter 2 Literature Review 
CHAPTER TWO 
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CHAPTER TWO 
LITERATURE REVIEW 
2.1 Introduction 
Four main problems in automating the manual lace-cutting concept have been 
identified in the previous chapter. The objective of this chapter is to review recent 
progress relating to these four main problems. In order to give a succinct review of 
the recent knowledge, this literature review is synthesised into four sections; 
• High speed laser cutting machine 
• Handling system for non-rigid materials 
• Pattern recognition technique 
• Trajectory planning of the laser beam 
It is obvious that the configuration of laser beam manipulators is very critical for a 
high-speed laser-cutting machine. As such, section 2.2 of this literature review will 
focus on the various configurations of laser-beam manipulators in particular the 2D 
laser-beam manipulators for cutting thin materials. In order to achieve a fully 
automated laser-cutting system, a requirement for automated handling system 
capable of dealing with non-rigid web based materials is essential. Researchers are 
developing several methods to handle non-rigid materials, some of which will be 
reviewed in section 2.3. These include a material handling system in the form of 
separate pieces, in a bundle, in a stack as well as in the form of web fabric. The 
applications of machine vision methods and pattern recognition techniques to many 
industrial problems have reached a maturity stage. Section 2.4 of this chapter 
reviews the vision system and pattern recognition techniques for non-rigid materials. 
The main focus is the applications of on-line vision system and pattern recognition for 
the textile industry. Other related applications of machine vision will be also reviewed. 
Trajectory planning covers a wide scope of aspects and is still under extensive 
investigation by many researchers around the world. In this literature review, the 
focus is on the aspects associated with the Cartesian trajectory planning only. 
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2.2 High-Speed Laser Cutting Machine 
The development of lasers since 1960 has been an exciting chapter in the history of 
science and engineering. Coupled with the advancement of microprocessor 
technology and non-contact sensors, it has led to very innovative machine design. 
The integration of these new technologies enables then invention of many novel 
mechatronic machines. One classic example of these machines is a high-speed 
laser-cutting machine. 
Scanner 
Laser-beam 
delivery 
Lace fabric 
Figure 2.1: High Speed Laser Cutting Machine 
Researchers, Tao (Tao 1995) and Jackson et al. (Jackson et al. 1995), from 
Loughborough University developed a laser-scalloping machine for cutting lace 
fabric. It employed a rotating mirror to scan the laser in the lateral direction and the 
lace was transported continuously at a constant speed in the longitudinal direction. 
The size of the mirror was 14 x 30 x 2 mm and the standoff height between the mirror 
and the workpiece was 245 mm. The machine used 240 Watts of laser power with an 
input beam radius of 8 mm diameter. The use of the scanner enabled the laser beam 
to have a high agility in lateral direction. Figure 2.1 shows the picture of the laser-
scalloping machine. This automated fabric laser cutting system was a turnkey system 
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that could cut the lace on the fly and operate at high speed. The focussing lens was 
maintained at the same position, hence, adequate depth of focus was required to 
adapt the cutting width and wrinkle. The focal length of the lens was 300 mm. The 
prototype version of this machine could cut two cutting paths simultaneously at a 
maximum speed of 1 mls with an accuracy of iO.5 mm. This was achieved by 
utilizing a beam splitter to divide the laser beam into two separate beams. A vision 
feedback system was employed to direct the laser beam and track the required 
cutting path of the lace scalloping. 
Planar, x-Y table, laser cutting machine was developed by Hace et al. (Hace et al. 
1998-a 1998-c) and Rodic et al. (Rodic et al. 1998). This was also a 2D laser-cutting 
machine. The concept of this machine was very similar to the typical gantry 
mechanism. It consisted of two belt-driven slide servomechanisms in the x and y 
directions. The laser head moved with the X-V horizontal table while the workpiece 
was standing still during the cutting process. It had a very large cutting area of 1 m x 
2m. The real advantage of this machine was that it could take a load of up to 20kg in 
the x direction and a load of up to 250kg in the y direction. Hence, this machine could 
accommodate the high inertia of the beam delivery system attached to the linear 
slide mechanism. 
Another high speed and high precision laser cutting system was developed by 
Dworkowski and Wojcik (Dworkowski and Wojcik 1995). This automated fabric laser 
cutting system could cut any textile, woven or non-woven, and any natural or 
synthetic materials. The system consisted of the following major subsystem: an X-V 
gantry type positioner, a laser, an optical beam delivery subsystem, a material 
transport subsystem and a computer control. The developed laser cutter performed 
automated cutting using a high-energy laser beam. Fabric in rolls was spread on the 
conveyor and transported into the cutting area, which was located under the X-V 
gantry type position er. The speed with which the material was fed had to be 
synchronized with the speed of the conveyor. Fabric tension and the edge alignment 
were controlled by a material loading system. Material could be cut in two modes: 
first when the conveyor did not move, or in the second mode when the fabric was 
moving. The cutting path was a pre-programming approach procedure. Patterns to 
be cut were delivered to the system in the form of CAD drawings. These files 
19 
Chapter 2 Literature Review 
containing cutting patterns were translated to the form of executable commands 
understood by the motion controller. 
Another gantry type laser cutting was developed by Smith et al.(Smith et al. 1998). 
The machine used vision-guided CO2 laser for cutting embroidered fabrics. The head 
of the laser and the vision system were attached to a gantry robot. During the cutting 
process the fabric material was in a stationary position located on the cutting table. 
This gantry type laser cutting was able to cover a working area of 800 mm x 800 mm. 
For fabric cotton, a maximum cutting speed of 480 mm/s using 50 watts CO2 laser 
could be achieved. The focal length of the lens was 127 mm with a depth of field 
1.0mm and focus spot size 0.2 mm. 
A variation of the gantry type laser cutting machine was developed by Chiang and 
Ramos (Chiang and Ramos 1994). In this machine, the laser beam was fixed and the 
workpiece was attached to a CNC control X-V cutting table. The machine used a very 
low power laser, 10 Watts, for cutting wood, fabric and other thin materials. The detail 
design and construction of the laser cutting are described in the paper. 
GE Fanuc Automation (O'Connor 1993) also developed a high-speed laser cutting 
machine to cut automobile airbag fabric and similar materials at a speed of up to 100 
inches per second. This was ten times faster than the manual system. The high-
speed cutting process was achieved due to a high ratio of mirror rotation to focal 
point motion. A tilting and projecting mirror directed the movements of the fabric 
cutting laser beam by means of system servomotors and linear actuators. The three 
low-inertia servomotors operated through a leadscrew to control the motion of three 
linear actuators that control the angular movement of the mirror. Three linear 
actuators connected to the back of the moving mirror at three pOints were located 
inside the scanner-head unit. This GE Fanuc's system consisted of a carbon dioxide 
laser-beam-generating unit, which sent a beam of light into an optical input unit. This 
unit polarised the beam and expanded its width. From the optical input unit, the beam 
travelled to a flat mirror. Then the light beam continued to expand as it reflected from 
the flat mirror and travelled to the concaved mirror. As it reached the concaved 
mirror, which was mounted 200 inches from where the focal point contacted the work 
surface, the laser beam was 20 inches in diameter. From here the beam started to 
20 
Chapter 2 Literature Review 
converge and went towards a scanner-head unit. The scanner-head tilted, projected, 
and retracted a third mirror- one that directed the movement 01 the laser beam on the 
work surface. The scanner-head mirror tilted so that the beam could move back and 
lorth or side to side on the surface. Simultaneously, the mirror advanced Irom the 
scanner head or retracted toward it. The ability 01 the scanner mirror to advance and 
retract enabled the beam to always be in locus on the cutting surface. The real 
notable advantage about this machine was its ability to cut a very large cutting 
pattern 01 6-loot x 6-loot, at a very high speed 01 100 inches per second. The 
material did not move during the cutting process. 
Mitsubishi Electric Corporation 01 Japan (Ishii et al. 1994) developed a rocking mirror 
type laser-cutting machine as shown in Figure 2.2. The machine consisted 01 a 
mirror which could rotate in ex and ey of the x and y-axis respectively. A dynamic 
locussing lens was employed to ensure the locus point 01 the laser was maintained 
on the cutting plane. It was reported that a maximum cutting speed 01 100m/min had 
been obtained with a cutting accuracy 01 ±1mm. The size 01 the cutting area was 
1800mm x 1500mm and the standoff height was 1600mm. This machine also 
employed a pre-programming approach 01 cutting pattern and no vision system was 
used. 
Laser 
Oscillator 
x-axis 
y-axis -'f+oI'-~" 
Focussing 
lens 
Scanning 
Figure 2.2: Rocking Mirror Type Laser Cutting Machine. 
21 
Chapter 2 Literature Review 
Another high-speed laser-cutting machine was developed by Jackson et al. (Jackson 
et al. 1996-a), Neulinger (Neulinger 1995) and Nicho" (Nicho" R. 1994). The laser-
beam manipulator consisted of two mirrors to steer the beam on the Cartesian cutting 
plan. The configuration of this machine is shown in Figure 2.3. It was a very high-
speed machine which could achieve a maximum cutting speed of 2m1s with the 
cutting area of 500mm x 500mm. This machine used 250 Watts of laser power with a 
focal length of s 880 mm and the stand-off height of 600 mm. The low inertia-moving 
component was designed by using the two separated mirrors for the beam steering 
optic. A pre-programming approach of cutting shapes was employed in the machine. 
A similar type of twin rotational mirror laser scanner was also developed by Muth 
(Muth M. 1996). The scanner utilised a flat-field focussing lens with a scan area of 
114mm x 114mm. In order to get minimum mirror inertia, the optimum arrangement 
of the scanning mirrors was evaluated by searching a suitable tilt angle. Lower mirror 
inertia would have increased the system bandwidth. An experimental method to 
determine wobble and jitters of the scanner was also highlighted in the paper. 
Figure 2.3: Two-Mirror High-Speed Laser Cutting Machine 
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A laser-based technique utilising a two-scanning-mirror laser beam manipulator was 
used for the cutting and finishing of non-circular cylindrical parts. This machine was 
intended for rapid prototyping of complex cam, valve, and other structural shapes. 
The machine tool elements and the general procedure for non-circular laser finishing 
were also described in the paper (Liu and Sheng 1994). 
Hafez et aJ. (Hafez et aJ. 2000-a) and (Hafez et aJ. 2000-b )made an attempt to 
develop a compact and fast steering single mirror tip/tilt laser scanner. The scanner 
was composed of one single mirror with a large active area, driven by linear 
electromagnetic actuators. Both the experimental results and simulations of the 
system dynamic behaviour were presented. The results indicated a faster time 
response of the scanner. The measured settling time for both axes at maximum of 
10V corresponding to ±3° was less than 10ms and was reduced to 5ms for small tilt 
of the mirror. The bandwidth of the system was about 350 Hz. 
2.2.1 Issues and Challenges 
The literature survey indicates that there are several possible configurations of 2D 
laser-beam manipulators for high-speed laser cutting machines. In general, most of 
these configurations can be summarised in three conceptual designs. 
• Concept 1: Two mirrors with double-revolute joint 
• Concept 2: Two mirrors with double-prismatic joint 
• Concept 3: One mirror with double-revolute joint 
The configuration of the first concept of laser-beam manipulator is similar to laser-
beam manipulators which have been developed by three different researchers, 
Neulinger (Neulinger 1995), Liu and Sheng (Liu and Sheng 1994), and Muth (Muth 
1996). In this configuration of laser beam manipulators, two identical mirrors are 
used. Each mirror has one revolute joint in which it can rotate. The rotation of these 
two mirrors steers the laser beam in the x and y Cartesian co-ordinates of the cutting 
plane. 
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The configuration of the second concept is similar to that of a plotter or gantry 
mechanism. Two mirrors are used in this type of laser-beam manipulators. Each 
mirror can move in one linear direction. The trajectory of the laser beam in the x and 
y direction is controlled by both the translation movement of the two mirrors in the x 
and y-direction respectively. This configuration is the most common concept of laser 
beam manipulator and it was used by many researchers such as Hace (Hace et. al. 
1998-a), Dworkowski and Wojcik (Dworkowski and Wojcik 1995), and Smith et al. 
(Smith et al. 1998). 
The third concept of the laser-beam manipulator utilised a single mirror, which can 
rotate in two degree of freedom simultaneously. The mirror can rotate in ex and ey to 
move the laser beam in the x and y-Cartesian co-ordinates of the cutting plane. This 
concept of laser beam manipulator was developed by Ishii (Ishii et al. 1994), Hafez et 
al. (Hafez et al. 2000-a) and O'Connor (O'Connor 1993). 
A comparison between scanner and plotter systems for laser-assisted rapid 
prototyping was carried out by Veiko et al. (Veiko et. aI.1997). Several advantages of 
the scanner system were high efficiency, small overall dimensions and cheapness 
whereas the disadvantages were a restricted working field, optical distortions and 
rather large optical spot size. On the hand, the plotter system had a large field of 
processing, small spot size, low productivity and large overall dimensions. 
Lace cutting using a laser is a new cutting concept. The literature survey shows that 
the use of a laser as a cutting tool has had and continues to have dramatic impact on 
the production line of the textile industry. This is due to the fact that laser cutting 
gives several advantages compared to the conventional cutting approach. This 
includes high accuracy, high speed, high agility and sealed edges. However, there 
are several issues and challenges such as high initial capital investment, high-skill 
operators and the need for further research. 
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2.3 Handling System for Non-rigid Materials 
The requirement for a fully automated non-rigid material handling system is very 
important in garment manufacturing. The use of a laser as a non-contact cutting tool 
facilitates a fast cutting process. The material handling aspect, for transporting the 
fabric to the cutting area and unloading the fabric after the cutting process, also 
needs to be fully automated and fast. This is to ensure the material system does not 
retard the speed of the overall cutting operations. Basically, there are two forms of 
non-rigid materials; 
• Web-based materials 
• Non-web-based materials or separate pieces of flexible materials 
2.3.1 Web-Based Materials 
A web is typically defined as a continuos strip of flexible media thin in relation to its 
width that can be in the form of paper, plastic film, textile fabrics, or metal (Shin K.-H. 
2000). Normally, lace fabric is in the form of web material before being cut into two-
dimensional pieces according to the required shape and size. 
For web based material, it is customary to use a roller mechanism for transporting 
the material. Several options can be employed to control the motion between the 
laser beam and the web material. In the 2D cutting concept of lace scalloping 
(Jackson et al. 1994-a), the lace moved continuously in one direction and the laser 
beam moved in an orthogonal direction, as shown in Figure 2.4. This approach was 
very useful for a small cutting width and a constant feeding speed of web materials. 
Hence, this approach allowed a very fast cutting rate with a simple material handling 
mechanism. Alternatively, the web fabric is in a fixed position while the laser beam is 
moving in two directions, x and y-direction, simultaneously. 
A mUlti-span web transport system had been used for transporting web during the 
web manufacturing process. In this process, the web material was transported 
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continuously with a high speed of 160 km/h. Models to predict the tension of the web 
during the steady state and unsteady state operations were developed by Guan et al. 
(Guan et al. 1995, 1998). The viscoelastic nature of the web material was included in 
the model. The model was used to predict the dynamic control of the web during the 
transient-state and the steady-state operations. In general, the results demonstrated 
that viscoelasticity had a very significant effect in the web tension control. Further 
research to predict traction between the roller and the web was investigated by 
Ducoty et al. (Ducoty and Good 1999). 
Web handling problems using roller mechanism were discussed in two papers by 
Nadolney (Nadolney 1997-a, 1997-b). These common problems included poor 
machine alignment, poor roller geometry, roller and shaft deflection, unsupported 
web, and web tension. The problem of web drift, slippage, and marking due to air 
entrapment, improper web release and excessive vibration were also highlighted. 
Direction of web movement 
Figure 2.4: Roller Control Motion of Web Handling 
Another approach in the material handling systems of web-based material is using a 
conveyor belt system. Dworkowski and Wojcik (Dworkowski and Wojcik 1995) used 
this approach in the material handling system. In this approach, materials could be 
cut in two modes: firstly when the materials did not move which was useful for cutting 
small pieces or in the second mode when the lace was cut while moving. Before the 
cutting process, fabric in rolls was spread on the conveyor belt manually and 
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transported into the cutting area, which was located under X-Y gantry robot. After the 
cutting process, the cut parts were removed with the help of the unloading 
subsystem. 
2.3.2 Non-Web-Based Materials 
Researchers are also developing several ways of handling separate pieces of flexible 
materials or non-web based materials. Existing grippers damage the surface of the 
textiles with their active components such as needles, clamps, and cardens. Another 
challenge for grippers is to separate the first layer of a textile's stack. Furthermore, 
the existing gripper design can only be used for certain types of textiles. Stephan and 
Seliger (Stephan and Seliger 1999) developed a cryo-gripper. The aim of the cryo-
gripper was to give high flexibility for different handling tasks and which was usable 
over a wide range of textile properties. In the cryo-gripper, the cold side of a Pellier 
element was used as the active element. The gripping procedure was achieved by 
bringing the cold side of the gripper in contact with the textile where water droplets 
were previously sprayed on. The material adhesion was formed when the water 
droplets were frozen. To release the fabric, the frozen water was liquefied by 
compressed air, which was pressed between gripper and fabric surface through a 
center hole in the gripper active area. There were three parameters, which were used 
to evaluate the performance of the gripper. These parameters were adhesion force, 
water quantity and pick-up time. A maximum adhesion force of 6 N/cm2 with water 
quantity O.3ml and 3 second pick-up time could be achieved by the gripper. 
Picking and placing of fabric could also be carried out using a pinch gripper, which 
consisted of two pegs that were pushed down on to the top of the fabric. The pegs 
were brought together so that the fabric folded up and was secured between them. 
Taylor et al. (Taylor et al. 1996) investigated the important parameters that influenced 
the performance of the process. These included frictional characteristics of the peg 
surface, the weight and bending stiffness of the fabric, the opening distance of the 
pegs and the downward pressure applied to the pegs. A model to describe the 
relationship of these parameters was developed and compared with the experimental 
results. Further research on the effect of environmental conditions such as humidity 
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on the two fabric properties, friction and bending stiffness was emphasised by the 
researchers (Taylor et at. 1998). 
Fahantidis et al. (Fahantidis et a1.1997) were trying to develop a robot capable of 
handling flat textile materials for the picking and placing operation of fabric material. 
Several fabric handling operations such as grasping, laying by dragging, laying by 
using edge of a table, folding and flattening-sweeping were described. This PUMA 
robot handling system required a vision sensor, force and torque sensor in its 
operations and it incurred high costs. 
An electrostatic gripper was a non-intrusive technique and consequently did not 
damage the fabric. However, previous research on electrostatic grippers suggested 
that they could handle a very small weight of fabric. Zhang (Zhang 1999) developed 
a theoretical modeling and analysed the design parameters of the gripper force for 
handling heavier and larger sized fabric. As a result of this research, the gripper 
could pick a glass fiber fabric of area 5600mm2 and weight 5.5 grams. The 
electrostatic gripper required a very large voltage from 1000V up to 4000V. The high 
voltage might have caused a malfunction of electronic equipment, complicated setup 
and arcing. Alternatively, Kolluru et al. (Kolluru et al. 1995) developed a gripper 
operated by air suction. It was a multi-degree-of-freedom reconfigurable gripper 
system designed to automate the process of limp material handling. The design 
consisted of four arms in a crossed-bar configuration, with a flat surfaced, fixed 
dimensions, suction-based gripper unit mounted on each of the arms. The fabric was 
picked up when there was suction through the gripper and was placed down when 
suction was cut off. The grippers were mounted on the robot arms for the pick and 
place operation. The detailed analysis of the gripper design and stability of grasp of 
the gripper was presented. The experimental results showed that the gripper was 
suitable for a wide range of fabrics. The gripper system had high reliability, grasp 
stability, and was capable of rapid rates of manipulation. It could handle heavier 
loads with minimum distortion. The maximum load was 10 Ibs with a size up to 3 ft x 
3 ft. (Kolluru et al. 1998) and (Kolluru et al. 2000). 
For non-flat fur pieces, the handling of the fur pieces out of an unordered bundle was 
investigated by Doulgeri and Fahantidis (Ooulgeri and Fahantidis 2002). In this case, 
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flexible fur pieces lay intermingled in a bundle and a single piece was not freely 
accessible. The primary purpose of this work was to achieve a solution for the secure 
and non-destructive grasping technique of a single bundle out of an unordered 
bundle. A special type of pneumatic gripper with soft end-effector was attached to an 
industrial Cartesian robot arm. A vision module searched the image of the fur in the 
region of interest (Le. the image of a fur tail). The vision-based recognition of the fur 
tail then activated the robot arm to grasp the fur tail from the bundle and placed it on 
the adjacent conveyor in a well-defined position. It was reported that initial tests of 
the gasping system in the actual production line had shown a successful and robust 
operation. 
There are several other types of material handling systems for non-rigid material 
such as in Cross et al. (Cross et al. 1991), Czarnecki (Czarnecki 1995), Rockerath 
and Slust (Rockerath and Slust 1982) and Fujii et al. (Fujii et al. 1995) 
2.3.3 Issues and Challenges 
The handling of lace fabric material presents additional problems because unlike 
wallpapers, metal foil and polymer films, lace fabrics are liable to deform significantly. 
Their shape, position, orientation and other physical and mechanical properties can 
vary in unpredictable ways. It depends on the dynamics and states of the material 
and the output of the previous handling or process stage. Plastic deformation or even 
damage can occur from improper handling of lace fabric as a result of a very high 
clamping force, a very high tension force or very high sliding friction. Researchers 
such as Wada et al. (Wada et al. 1997) and Rotab Khan et al. (Rotab Khan et al. 
1999) tried to model the knitted fabric in order to control their deformation at the 
upstream of the knitted fabric's production. This could be further applied at the 
downstream of the production line such as in the cutting area. 
Hard automation using a roller mechanism in handling flexible web material is 
commonplace. Sut the disadvantage of using rollers is that it requires a continuous 
long span of web which only happens upstream of production lines of garment 
industries. At the downstream of production lines such as in the cutting area the web 
is no longer continuous after the cutting process where the use of a roller mechanism 
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is inherently inefficient. There are drawbacks to using rollers in web handling 
material such as roller and shaft deflection, unstable web tension, slippage and 
machine alignment. The author of the two papers (Nadolney 1997-a, 1997-b) 
touched on some of these common web handling problems using rollers. Further 
modelling and analysis of the web tension and roller traction in web handling using 
roller mechanism during transient and steady state operation were explained by 
Ducoty and Good (Ducoty and Good 1999) and Guan et al. (Guan et al. 1995, 1998). 
They indicated that there were some inherent problems in handling web especially 
during the transient operation or intermittent movement of web handling. 
Another problem of using rollers for intermittent movement of web handling is the 
effect of friction. It is a fact that friction is present in all machines incorporating parts 
with relative motion and can be divided into two categories, sliding friction and rolling 
friction. Rolling friction normally generates much less friction than sliding friction. 
However, for highly deformable material, rolling friction becomes dominant such as in 
a rubber roller conveyor. Analysis of rolling friction was explained clearly by Stolarski 
and Tobe (Stolarski and Tobe 2000) and Song et al. (Song et al. 2001). Further 
complicated control of machines with friction was analysed by Li et al. (Li et al. 1998). 
2.4 Pattern Recognition Techniques 
Pattern recognition or image analysis is a collection of processes in which a captured 
image that is prepared by image processing is analysed in order to extract 
information about the image and to identify objects of facts about the object or its 
environment (Niku 2001). Template matching is one of the important pattern 
recognition techniques used by many researchers to perform automated image 
identification. In the template matching technique, an acquired image is compared 
with a reference image in order to determine their similarities or differences. This 
reference image is sometimes called the master image or master template. This 
section focuses on the application of template-matching techniques for the 
identification of both non-rigid materials and rigid materials. Other relevant 
techniques are also briefly reviewed. 
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2.4.1 Pattern Recognition Techniques for Non-Rigid Materials 
In 1988, the use of computer vision to identify the lace pattern was reported in 
(Russell and Wong 1988). The template matching technique was employed to 
recognise the pattern and then the cutting process was carried out by mechanical 
techniques. The direct subtraction method between the reference template and the 
lace image was used. In this technique, the reference template was shifted by a 
quantity u in the longitudinal direction. All possible values of u were computed to find 
the minimum difference between lace image and the reference template. The 
equation to find the minimum value of the difference was formulated as below; 
D(u) = Llpx,y -qx+u,yl 
x,y 
where 
p reference template, 
q lace image 
x, y the co-ordinates of the pixel. 
It was reported that vision-directed laser cutting had been successfully used by 
Jackson et al. (Jackson et aI.1996-b) and Tao (Tao 1995). It had been used to 
scallop a lace edge. The system consisted of a 2048 pixel line scan CCD camera 
and it could scan an area of 200mm wide across the lace web x 0.1 mm along the 
web. The scanning rate was 0.1 msec and would allow 0.1 mm spatial resolution along 
the feed direction at 1 mls. An image processing technique called One Dimensional 
Binary Cross-Correlation Algorithm was developed. The correlation algorithm was 
based on the equation below 
Corr(i, j,s) = LMaseg (j,n) $ Imseg (i,n-s) 
n 
where 
s 
reference map image line 
new line of image data 
(s=l ,2,3 ... q) shift position 
map segment pointer/line 
new image pointer/line 
n pixel location on the segment 
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A segment of the input image was correlated using XNOR comparison with the map 
segment at each shift position of the image segment on pixel by pixel basis. The 
maximum value of Corr(i,j,s) would represent the best segment match between the 
reference map and the new map. This technique allowed sufficiently fast matching 
within one pixel at speeds of 1 m/sec. This approach was feasible for negligible lateral 
distortion between the image and the map. However practically, lace fabric could 
vary dimensionally by typically 10% as combined effect of the geometry variance and 
distortion due to transport force. Hence, in order to handle this problem, a modified 
and more refined approach called a centre-weighted binary cross correlation had 
been developed by the same authors. 
Farooq et al. (Farooq et al. 2002), and Yazdi and King (Yazdi and King 1998) 
investigated and proposed a novel approach for automatic inspection of deformable 
lace-web fabrics in real time. An incremental approach using a multi-digital signal 
processor system was used to achieve the required task at a reasonably high speed 
with minimum false alarms. A direct comparison of live image with a reference image 
in real time was found to be the most adaptable solution to the problem. 
Shih et al. (Shih et al. 1996) developed a Line Mapping Method technique to search 
the tracking path of the laser cutting. It utilised fuzzy logic pattern recognition. This 
image processing technique did not require template data (reference map) for 
tracking the actual cutting path. However, this technique required a sufficient length 
of "river" and thick thread between rivers must be closed. The CCD camera was 
mounted on the x-axis of the machine and it moved with the laser cutter. The lace 
was transported in the y-direction and moved through the vision system. 
Sanby et al. (Sanby et al. 1995) used the vision system for 2D-lace inspection. The 
system was used to detect defects on-line and in real time during the knitting 
process. A CCD linescan camera, synchronised to machine motions, grabbed an 
image of the lace. Differences between this lace image and a perfect prototype 
image were detected by comparison methods, thresholding techniques, and finally a 
neural network. The application of machine vision to the automated inspection of 
knitted fabrics was also discussed by Bradshaw (Bradshaw 1995). The equipment 
used was an 486 based PC with a custom built interface board installed, an IPL 2048 
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element linescan camera and high frequency fluorescent lamp. The system operated 
with the fabric moving at 1 m/s, across 1 m width. This work showed the successful 
application of machine in on-line inspection process. 
Jackson et al. (Jackson et al. 1995) developed a vision-based yarn scanning system. 
This vision system was used to analyse yarn image properties. Experiments to 
determine yarn characterisations such as core thickness, hairiness and nip frequency 
measurement could be carried out using this vision system. 
A high-speed vision system for seam tracking application in the cutting of fabric 
embroideries was performed by Amin-Nejad et al. (Amin-Nejad et al. 2003). A 
structured light source used in the vision system was a 670 nm laser stripe generated 
by a 10mW laser diode. An area scan camera of 256x256 pixels with a frame rate of 
220 Hz was used. Both the camera and the laser diode were mounted on the 
opposite side of the wrist of the gantry robot. The image processing algorithm was 
based on the change of the laser line intensity caused by the seam. The light 
intensity of the distorted portion of the laser line depended on the projection angle 
and the geometry of the embroidery fabric, height and width of the seam. The task of 
the image processing was to extract the vertical and horizontal coordinates of the 
seam image during the tracking and cutting process. 
Stojanovic et al. (Stojanovic et al. 2001) applied an automatic vision-based system 
for quality control of web textile fabrics. The developed computer algorithm was used 
to detect defect on the plain surface texture of the web. The algorithm was based on 
the improved binary, textural and neural network. The proposed algorithm gave good 
results in the detection of many types of fabric defects under real industrial noise 
conditions. A maximum web speed of 120 m/min could be achieved by using this 
automatic inspection technique with the width of the web 1 m, recognition rate of 
86.2% and rate of false alarm 4.3 %. The minimum size of defect was 1 mm x 1 mm. 
Reliable and effectively detecting and classifying a leather surface is defect is of 
great importance to both the tanneries and industries that use leather as their main 
raw material such as leather footwear and handbag manufactures. Some important 
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issues on inspecting leather surfaces using machine vision were investigated by 
Hoang et al. (Hoang et al. 1997). These investigations included defect detection 
algorithm, defect classification methods and material handling. The proposed visual 
inspection system was capable of inspecting leather surfaces automatically. 
2.4.2 Pattern Recognition Techniques for Rigid Materials 
Matching a template sub image into a given image, generally within a relatively larger 
search area, is one fundamental task occurring in countless image analysis 
applications. The basic template-matching algorithm consists of sliding the template 
over the search area and, at each position, calculating a correlation between the 
template and the image. Then, the maximum correlation position is taken to 
represent the instance of template as the best match. For large-size images and 
templates, the matching process can be computationally very expensive and 
numerous techniques aimed at speeding up the matching have been devised. A fast 
template matching technique, referred to as bounded partial correlation, based on the 
normalised cross-correlation function was developed by (Stefano and Mattocia 
2003). The technique consisted of checking at each search position a suitable 
elimination condition relying on the evaluation of an upper bound for the normalised 
cross-correlation function. The check allowed for rapidly skipping the positions that 
could not provide a better degree of match with respect to the current best-match 
one. 
Other researchers who are interested in fast pattern recognition techniques are 
Davies et al. (Davies et al. 2003). They designed and applied a real-time vision 
system in the food industry. Several methods for the detection of insects in the grain 
images were proposed, and their performances were evaluated. The results 
indicated the two-stage template matching techniques had a very good sensitivity 
with a very fast recognition speed. 
Combined with a heavy physical workload, many occupational tasks resulted in a 
high frequency of work-related musculoskeletal disorders. Machine vision and pattern 
recognition had been used in the image analysis associated with strenuous working 
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postures and movements. Neural network coupled with elastic template matching 
was utilised to extract and interpret working postures from video sequences. The 
paper dealt with a method to separate human posture from the background, and a 
method of interpreting and classifying the extracted objects (Pinzke and Kopp 2001). 
It was reported that the elastic template used in the pattern recognition had the ability 
to handle small changes in rotation, ±5 degrees, and deformation without losing 
correlation performance. 
The use of biometric data for automated identity verification, is one of the major 
challenges in the secure access control system. In this paper (Tistarell and Grosso 
2000), several issues related to the application of active vision techniques for identity 
verification, using facial images, were discussed and a practical system 
encompassing the active vision paradigm was described. The system used a pair of 
active tracking cameras to fixate the face of the subject and extract space-variant 
images from the most relevant facial features. These features were automatically 
extracted with a two-level algorithm, which used a morphological filtering stage for 
coarse localization, followed by an adaptive template matching. Several experiments 
on identity verification were performed on real images and were presented. 
Template matching techniques have been used in several applications for medical 
images. Deformable templates have been used for endocardial boundary estimation 
and tracking the endocardial contour in an echocardiagraphic image sequence. In 
this technique, some prior global shape knowledge of the endocardial boundary was 
captured by a prototype template with a set of predefined global and local 
deformations to take into account its inherent natural variability over time. This 
technique has been successfully applied on synthetic images, and on a real 
echocardiograoic image sequence (Mignotte et al. 2001). 
Template matching has been used in the detection and tracking of oral movement in 
the kinematic studies of swallowing (Chen et al. 2001). In this technique, small metal 
markers were affixed to a subject's tongue and teeth in fluoroscopic image 
sequences of swallowing. Marker detection was done by the template matching 
technique. A generic marker template was designed by extracting the gray values of 
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pixels within an imaged marker. Template matching with a weight center-of-mass 
calculation determined the marker location with sub-pixel accuracy. Marker tracking 
employed a nearest neighbour algorithm. Relative to manual technique, the results 
showed that this technique performed very well in terms of marker detection and 
trajectory determination. 
Template matching has also been used in the studies of the upper cerebral anatomy 
for the analysis of infarct distribution, analysis of the location and extent of lesions 
and comparison among infarct types (Naidich and Brightbill 2003). 
Pattern recognition invariant to deformation or translation could be performed with 
the dynamic link matching. Two models of dynamic link matching were proposed and 
analysed mathematically (Aonishi et al. 1998). The first model could perform 
matching between rotated images. It could detect the angle of rotational 
transformation between the data image and the template image. The second model 
produced a partial topographic mapping, which mapped a part of the template image 
to a similar part of data image. This model could also detect the angle of rotational 
transformation and could detect common parts in these two images. 
Information retrieval is normally based on words or sequences of words. 
Punctuation, special symbols and even number strings are usually of no interest in 
identifying documents of potential interest. Image-based retrieval applications have 
relied on optical character recognition, when it was really word recognition that was 
needed. A process of word recognition that had high tolerance for poor image quality 
and high speed of operation was developed by Lawrence Spitz (Lawrence Spitz, 
1999). Template matching was used as part of the process to recognise the word. 
Pictures and video sequences showing human faces are of high importance in 
content-based retrieval systems. Consequently, face detection was established as an 
important tool in the framework of many multimedia applications like indexing, scene 
classification and news summarisation. Tsapatsoulis et al. (Tsapatsoulis et al. 2001) 
combined the skin colour and shape features with template matching in an efficient 
way for the purpose of facial image indexing. This produced an adaptive two-
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dimensional Gaussian model of skin colour distribution whose parameters were re-
estimated based on the current image or frame. Masked areas obtained from skin 
colour detection were processed using morphological tools and assessed using 
global shape features. The verification stage was based on a template matching 
variation providing robust detection. Experimental results showed that the proposed 
implementation gave high efficiency, robustness and speed and could be easily 
embedded in a generic visual information retrieval system or video database. 
Image retrieval by content is a necessary feature for digital libraries, databases and 
multimedia systems. In search-by-content setting, a user composes databases 
queries by specifying image features such as colour, textures or shapes. Stone and 
Shamoon (Stone and Shamoon 1997) developed a method for searching images by 
content that compensated for occlusions in the image. Image occlusions have a 
profound impact on template matching image searches. A typical example of such an 
occlusion was a cloud over a landmass in an image taken from a satellite. Searches 
performed without compensation for occlusions were unable to detect matches in 
position near the cloud perimeters that were not totally obscured by the cloud. The 
method extended a search technique based on two criteria; sum of square 
differences and average intensity, and the method could be used in conjunction with 
other criteria, including the normalised correlation coefficient. 
Edwards and Murase (Edwards and Murase, 1998) addressed the difficult problem of 
scene interpretation, identification and location of objects, in the presence of strong 
occlusions. Coarse-to-fine adaptive masks for appearance-matching of occlusion 
scenes were employed. The research investigated the global occluding interactions 
between multiple scene objects to adaptively improve a similarity measure based on 
sum-squared error by masking out suspected occluded regions in the scene. 
Template matching was used in a fully automated configuration optimisation system 
for two-dimensional structures (Lin and Chao 2000). The first stage of this system 
employed homogenisation or material distribution methods to create a gray level 
image of the structure with minimum compliance. The second stage involved image 
interpretation that converted the gray level image to a parameterised structural model 
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that required optimisation. Several basic geometry shape templates were used to 
match holes of varied size and shape inside a structure. 
Robot vision systems employed template matching for many applications in flexible 
manufacturing. Image templates are currently generated off-line for an interactive 
session of image acquisition using a representative set of reference parts. In fact, the 
part must be manufactured and inspected first before the image template acquisition. 
Taking the vision system off-line is time consuming and often impractical in flexible 
manufacturing system applications. Sallade and Philpott (Sallade and Philpott 1997) 
proposed a synthetic template methodology for CAD directed vision inspection which 
avoided training against physical reference parts. Image templates were created 
directly from the existing CAD data bases that described each part being 
manufactured. Once the synthetic templates has been created, standard template 
matching algorithm might be used to derive the inspection results. 
An integrated robotic and machine vision system along with an algorithm for 
detection and classification of both multiple defects and the colour quality of the 
inspected material was developed by Raafat and Taboun (Raafat and Taboun 1996). 
This algorithm was a procedure to detect the existence of defects such as imperfect 
finishing, scratches, colour stains, cracks, or bubbles, which might occur during the 
production processes and handling of materials such as glass and plastics. The 
machine vision system was integrated with an IBM 7545 robot to perform sorting and 
handling operations. 
Sicard and Levine (Sicard and Levine 1989) developed a 3D-machine vision 
inspection task. The vision system was used for the joint recognition and tracking 
tasks in robotic arc welding. Tracking of the joint geometry was done by building on-
line a three-dimensional model of the joint during the welding process on line. The 
paper also discussed the algorithm and how simulation had been done using real 
data. A study on vision sensors for seam tracking of height-varying weldment was 
done by Yu and Na (Yu and Na 1997). They developed a vision sensor which could 
provide 3D geometry information for robot guidance in automatic welding of thin 
plates. Alternatively, Lee and Park (Lee and Park 2000) developed an automated 
inspection planning of free-form shape parts using a laser scanner. 
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Besides the above-mentioned applications, there are a number of other machine 
visions systems for a variety of applications that have been reported in the literature 
in the last 10 years. For example, Mohtadi and Sanz (Mohtadi and Sanz 1998) 
summarised other recent progress in industrial machine vision for other applications 
of inspection problems. 
2.4.3 Issues and Challenges 
Template matching techniques provide a very good method of image identification. 
However, lace fabrics are flexible and easily deform. Therefore, the acquired image 
of deformed web will be different from the reference web. They will not match. In fact 
the pattern variance of the net features will make the template matching techniques 
more difficult when recognising a 2D pattern. Therefore, using template-matching 
techniques is not a straightforward solution for pattern recognition of lace fabric. In 
addition to object deformation, another limitation is occlusions. If one object is 
occluded by other objects, it will not match the reference template. As such, it is a 
real issue which is difficult to address. 
There is also a demand for a more robust and efficient image processing technique 
as well as pattern recognition. Several researchers have embarked on this field of 
study and tried to develop a knowledge-based vision-directed laser cutting system or 
expert system. The problems are due to the fact that laser cutting is a function of 
several parameters and it is a highly non-linear cutting process. Consequently, it is 
very difficult to analyze and predict analytically. Numerous researchers have 
investigated these complex laser-cutting phenomena in order to establish an 
appropriate cutting model to describe and control the laser cutting process. 
Examples of researchers who are in interested in the field of expert system using 
machine vision for laser cutting are Wang et al. (Wang et al. 1999), Huang and 
Chatwin (Huang and Chatwin 1994), and Sheng and Chai (Sheng and Chai 1998). 
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2.5 Trajectory Planning 
Trajectory planning and the intensity of the laser must be accurately controlled to 
ensure that the seal edge does not over heat along the heat affected zone. The even 
heat affected zone of laser cutting is greatly influenced by the synchronisation of the 
speed and the intensity of the laser beam. Furthermore, the use of a laser enables 
the productivity of the cutting process to be increased. Maximum productivity is 
achieved by executing of all parts of the trajectory planning with constant and 
maximum allowable speed. However, this is impossible due to the inertia of moving 
components or small-sized detail of the workpiece. Veiko et al. (Veiko et al. 1997 
1999) stated two approaches on how to optimise the speed of the trajectory planning. 
• Reduction of inertia of moving parts. 
• Improve the control algorithms for the trajectory planning. 
Veiko et al. (Veiko et al. 1999) focused on the second approach in order to improve 
the trajectory planning. In this approach, the cutting path was defined as a set of 
indefinitely small straight-line segments located at a certain angle to each other. Two 
types of trajectory planning between these two successive straight-line segments 
could be created and they were either smoothing trajectory or closed-loop trajectory. 
This is illustrated in Figure 2.5. To control the motion of the laser beam between the 
two line segments, three methods of motion control could be used to execute the 
trajectory planning of laser beam: 
• Method of one-stage acceleration 
• Method of closed-loop 
• Method of two-stage acceleration 
Finally, the paper described how to implement these methods of control for the 
trajectory planning on a plotter type laser-cutting machine. Several performance 
parameters such as trajectory error, transition time and others were also discussed. 
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Ishii et al. (Ishii et al. 1992) employed a "three point method" in order to improve the 
average speed of the trajectory planning of a rocking mirror type laser cutting 
machine. The results of the three point method of trajectory planing were then 
compared with the "two point method". In the two point methods the laser beam 
stopped at every point whereas in the three point methods it depended on the 
immediate angle and the length of the next segment of the cutting path. Feed 
Forward and dynamic compensation control method was used to control the 
trajectory planning. The results showed that the three points method achieved a 
higher average speed of the trajectory planning. 
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Figure 2.5: Trajectory Planning between Two Straight Lines 
Another researcher who was interested in reducing the execution time of trajectory 
planning was Yen and Liu (Ven and Liu 1998). He implemented a dynamic 
programming approach for X-V robots in order to the get time-optimal trajectory 
planning. Minimum-time control determined the control signals to drive the 
manipulators from a given initial condition to the desired target condition in the 
shortest time under the existence of path constraints. In addition to developing a 
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new solution method, this work had also studied potential difficulties for time-optimal 
control implementation such as non-linearity of friction during the very low speed 
tracking and nonlinearly induced by rapid command (electrical current) changes. 
Rahbary and Blount (Rahbary and Blount 1990) were also interested in reducing the 
time of trajectory planning by finding the shortest route if two or more paths exited. 
Normally, several routes were possible in order to avoid interference with the barrier 
placed in between the start and stop position. The work focused on minimum 
trajectory for application in the CNC machine tool dynamics. The trajectory planning 
model developed also assumed the trajectory path as a sequence of connected line 
segments whose intermediate end points were vertices of an appropriate polygonal. 
The model did not optimise the speed of the trajectory planning. 
Rodic et al. (Rodic et al. 1998) implemented trajectory planning using sin2 
acceleration in a system with inherent elasticity due to a low cost belt-driven 
mechanism. Circular splines were inserted at a sharp corner of the trajectory 
planning. Closed-loop sliding mode control provided robust position trajectory 
tracking for the system. These assured smooth trajectory planning, avoided the 
resonance frequencies and curtailed the limitations of the system, which were mainly 
due to the elasticity of the belts. Thus the system could operate at higher speed and 
with predictive accuracy. 
Jerk is a phenomenon where there is a discontinuity in acceleration. Jerk of the 
desired trajectory planning adversely affects the performance of the tracking control 
algorithm for the laser cutting. Kyriakopouos and Saridis (Kyriakopouos and Saridis 
1994) investigated the reasons behind this effect and tried to minimise the problem. 
A mathematical formulation was developed to explain this problem and the numerical 
solution to this problem. Aken and Brussel (Aken and Brussel 1988) on the other 
hand developed a technique for trajectory control by means of imposed acceleration 
profiles. In comparison with the popular method of trajectory control by means of 
spline functions, the developed technique proved to have some important 
advantages. This included maximum control over the motion with limited 
computational effort, smooth motion with minimal dynamiC excitation of the robot 
structure, and execution of first segment starting before the whole trajectory was 
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specified. This implied that on-line trajectory planning was becoming feasible. On-line 
Cartesian trajectory control requires that all algorithmic calculations must be 
completed in a certain time, and that all errors be bound by some specified tolerance. 
A more complex curve for on line Cartesian trajectory control was developed by Yang 
and Red (Yang and Red 1997). The on-line trajectory generation methods comprised 
six steps: Initialization of curve length, Cartesian trajectory prediction, parameter 
prediction, correction, Cartesian frame interpolation, inverse kinematics. 
Wapenhans et al. (Wapenhans et al. 1994) presented a procedure for optimal 
trajectory planning. The trajectory was optimised by minimising the motion time. This 
can be achieved by using maximum speed of motion at every pOint along its 
trajectory. Using "bang-bang" inputs to get maximum speed leads to joint oscillations 
and strains the joint drives. This paper attempted to solve these problems by 
considering the dynamics of rigid links and joints. The joint constraints and 
disturbances such as joint torque, speed, friction and backlash were also considered. 
The minimum-time optimisation criterion was completed by a minimal dynamic 
energy criterion that led to smoother actuator inputs that did not excite joint 
vibrations. Contrary to Wapenhans et aI., Tan and Pott (Tan and Pott 1988) proposed 
minimum time trajectory using discrete dynamic model. Similarly to the previous 
continuous time model, the developed a discrete model which also included joint 
torq ue constraint, joints jerk and jOint speed constraints in the trajectory planning of 
the desired geometry path. Both researchers, included minimum time cost function 
in the model. Another researcher who was interested in time-optimal trajectory 
planning was Huang and McClamroch (Huang and McClamroch 1988). Contact force 
was incorporated into the optimal trajectory problem as an additional constraint. A 
planer Cartesian robot was used to illustrate the ideas developed in the paper. There 
are many other researchers who are interested in trajectory planning such as (Choi 
et al. 2000), Sheng and Lai (Sheng and Lai 1996), (Visioli 2000), and (Red 2000). 
Ibrahim et al. (Ibrahim et al. 1988) studied the effects of the required torque for each 
link joint due to inertia, centripetal, coriolis and gravitational forces. To investigate the 
effects, two types of trajectory were used namely, polynomial trajectories and NC2 
(numerical control 2) trajectories. From the developed model, a designer could 
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predict the expected dynamics behaviour of the robot link for a given geometrical 
configuration and under certain working conditions. 
2.5.1 Issues and Challenges 
The use of CO2 laser provides a fast and efficient cutting method. A poor method of 
trajectory planning may result in either an increase in processing time and inability to 
perform the cutting operation or scorching and burning along the cutting path. The 
trajectory planning of the laser beam must be smooth and synchronised with the 
intensity of the laser beam during the cutting process. This is to ensure the quality of 
the heat-affected zone along the cutting path profile is even and the lace material is 
not damaged. Researchers such as Jackson et al. (Jackson et al. 1994-a), Powell 
(Powell 1998), Veiko et al. (Veiko et al. 1999) and Wang et al. (Wang et al. 1999) 
tried to estimate the relationship between these two parameters. The trajectory 
planning must take into account the dynamics constraints of the laser beam 
manipulators. These constraints such as joint acceleration, speed and jerk imposed 
on the trajectory planning will limit the capability of the laser manipulator. 
2.6 Summary 
There is no doubt that changes in technology spur new developments. The 
application of lasers in tandem with mechatronic technologies expediates the lace-
cutting concept beyond the manual technique. This literature review is by no means 
exhaustive, but it provides some recent knowledge and facilitates further work. 
Four main problems and issues in the development of vision directed laser cutting 
system have been addressed in this literature review. These are; 
• Material handling system 
• Image processing and pattern recognition 
• Laser beam manipulators 
• Trajectory planning 
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Another significant problem is air contaminants released during the laser cutting of 
fabrics or polymers materials. This problem is discussed by Kiefer and Moss (Kiefer 
and Moss 1997) and beyond the scope of this research project. 
45 
Chapter 3 System investigation and mathematical modelling 
CHAPTER THREE 
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CHAPTER THREE 
SYSTEM INVESTIGATION AND MATHEMATICAL MODELLING 
3.1 Introduction 
In chapter two of the literature review, several design mechanisms for the laser beam 
manipulation and the material handling system for a nonrigid material were 
described. Based on this literature review, this chapter focuses on the investigation of 
several design concepts of the laser cutting system for cutting 2D-patterned shapes 
of nonrigid web-based material. The investigation of the laser cutting system will 
focus on the top view design of these two main machine sub-systems, the laser 
beam manipulator and the material handling system. A structure design approach 
has been implemented to facilitate the investigation of these design concepts of the 
laser cutting system. One conceptual design for the laser beam-manipulation and 
three conceptual designs for the material handling system are proposed. As the 
demand increases for high performance of laser cutting system, modelling plays a 
significant role in designing the laser-beam manipulator. The detailed mathematical 
modelling is based on the critical dynamic factors of the selected machine systems. 
Two critical parts of the laser-beam manipulator that require mathematical modelling 
are the optical property of the laser-beam and the system dynamics of the laser-
beam manipulator. The modelling of the system is focussed on the proposed 
conceptual design of the laser-beam manipulator. Based on this modelling and the 
information from the literature review, the strengths and the weaknesses of the 
proposed conceptual designs will be assessed and evaluated. Finally the selected 
conceptual design of the test-rig for the laser cutting system will be proposed. The 
features of the mechanical design are explained and the detail drawings for the 
fabrication of the material handling system will be outlined. The basic working 
principle of the test-rig will also be described. Some of the results of this chapter 
have been published (Ayub and Jackson 2002-a). 
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3.2 Engineering Design Methodology for High-Speed Laser Cutting System 
Figure 3.1: Three Main Aspects of Designing a Laser Cutting System 
As mentioned previously, the hardware components of the laser cutting system for 
cutting a web-based material developed in this project consist of several machine 
elements. These elements can be grouped into two major subsystems which are as 
follows, 
• High-speed laser beam manipulator 
• Material handling system for non-rigid web-based material 
An integrated investigation and modelling of the machine system encompassing 
these two subsystems are very important at the initial design stage of this opto-
mechatronic machine so that an optimum design solution can be achieved at the 
later stage of the machine system. In order to investigate the top view design of the 
system, it is essential to have a structure approach of design process for the high-
speed laser cutting system. Generally, a structure design approach consists of three 
main aspects as depicted in Figure 3.1. These three main aspects are design 
techniques, design tools and design methods. The design technique is the support 
for implementation and the design tool is used to implement the technique. And 
finally, design methodology helps to progress from a problem to an implementation 
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The design methodology, which might be called the synthesis of a technical system, 
consists of several stages. These stages are problem definition, conceptualising, 
embodiment design, detailing and analysis. For development of general engineering 
machines, various design techniques could be employed to help achieve a solution at 
every stage of the design methodology and these design techniques are well 
documented and established in textbooks such as (Cross1996), (Pahl and Beitz 
2001), and (Middendorf and Engelmann 1998). Even though, there are many 
techniques and tools available to assist in solving the design problem, it is still 
essential to know how to put these different techniques and tools to use. 
Furthermore, for the development of mechatronic machines such as the laser cutting 
machine, the design methodology of the system must take into consideration the 
integrated complexity nature characterised by a multidisciplinary technology of the 
mechatronic machines. This requires the additional techniques and tools to be 
embedded at the accurate stage of the design methodology. Choosing the right 
technique at various design stages will preclude unnecessary time consuming 
activities especially in the integration work consisting of combining the hardware and 
software implementation activities. The simulation of collective and individual 
creativity will also be enhanced and vital opinions from the design team are not 
summarily dismissed. Communications among the members of the multidisciplinary 
design team are vital so that every aspect of the intrinsic machine complexity is 
evaluated and their personal predilection on a certain design concept can be 
effectively considered. 
A structured design approach similar to (Dym and Little 1999) has been adopted in 
the development of a test-rig for the laser cutting system. The overall structure of the 
design methodology for the development of the laser cutting system is depicted in 
Figure 3.2. It consists of 5 steps, which are as follows, 
• Problem Identification 
• Conceptual Design 
• Preliminary Design 
• Detailed Design 
• Design Communication 
• Final Design of Test-Rig 
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Figure 3.2: Design Methodology for the Laser Cutting System 
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3.2.1 Problem Identification 
An important first step in the design methodology of the laser-cutting machine is 
problem identification. The problem identification step is devoted to outlining the 
objectives, defining the constraints and gathering the information. The techniques 
involved in this step are discussion and understanding of the needs of the garment 
industries. The design objectives can be clarified by using an objective tree design 
tool. The overall objective tree of the laser cutting system, including both the laser-
beam manipulator and the material handling system, is shown in Figure 3.3. The 
objective tree shows in a diagrammatic form the ways in which different objectives 
and constraints are related to each other, and the hierarchical pattern of objectives 
and sub-objectives. As depicted in the objective tree, the prime objective of the test-
rig development is to have a high performance laser cutting system. This prime 
objective is divided into two main sub-objectives, which are reliable operating 
characteristics of the laser cutting system, and high cutting edge accuracy and 
quality. A high cutting edge accuracy and quality means that the laser cutting system 
can accurately cut the web according to the required dimensions with an even heat 
affected zone along the cutting edge. This is important because excessive heat may 
result in damaging the fabric and insufficient heat may lead to uncut fabric. These 
main sub-objectives are expanded into several other lower sub-objectives and then 
finally it is expanded to the lower hierarchy of the objectives. In order to have reliable 
operating characteristics, the laser cutting system must have a stable handling of 
web fabric, high safety, high structure integrity and good system dynamics. A stable 
handling of web fabric is important to ensure that only a minimum side drift, ripple 
and misalignment occur during the web transportation. Furthermore, the web needs 
to be in constant tension during the cutting process. The accuracy of optical property 
that contributes to the high cutting edge accuracy and quality is expanded to lower 
sub-objectives, which are no astigmatism, small spot size and low standoff height. 
Astigmatism relates to the shape of the laser beam spot on the cutting plane. The 
shape of the spot will be a circle if the laser beam points at a right angle to the cutting 
. plane. Otherwise the shape will be an ellipse. 
In general, problem identification requires the objective and requirement of the 
machine to be effectively clarified. The objective tree offers a clear and useful format 
for depicting the design objectives and requirements. 
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Figure 3.3: Objective Tree of the Laser Cutting System 
The relationship between the machine attributes and engineering characteristics of 
the machine is important. This is to ensure accurate transformation of soft 
information into the hard information during the design process. The interaction 
between these two types of information in the design of the laser cutting system can 
be visualised clearly by using an interaction matrix or "house" of quality design tool. 
The house of quality for the laser cutting system is shown in Figure 3.4. The machine 
attributes basically is what the garment industry needs relative to their importance. 
Relative value 10 is very important and relative value 1 is the least important. 
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The engineering characteristics are the technical features of the laser cutting system. 
At the centre of the house of quality matrix, the strength of interaction between the 
machine attributes and the engineering characteristics of the machine are related. 
For example, an even heat affected zone and seal edge of the machine attributes 
has the relationship with the image analysis, optical property, motion control and 
trajectory planning of the engineering characteristics. The roof of the house of quality 
depicts the interrelations among the engineering characteristics. For example, 
frequency response of the machine has the relationship with the structure design and 
the motion control of the machine. The house of quality can also be used to get initial 
perception between the manual cutting approach and the laser cutting approach. 
This perception shows the competitiveness between the existing manual cutting 
approach and the laser cutting approach of the lace-cutting concept. Perception 
value 5 indicates that the cutting approach is very competitive and value 1 indicates 
that it is less competitive. 
3.2.2 Conceptual Designs 
The second step in the design methodology of the laser cutting system is conceptual 
design. The goal of the conceptual design step is to generate sevaral conceptual 
designs, in which different concepts can be used to achieve the design objectives. 
Morphological charts and a CAD software package have been used as a design tool 
to generate the subsystem conceptual designs and finally the full conceptual designs. 
The proposed conceptual design of the laser cutting system will be described later in 
this chapter. 
3.2.3 Preliminary Design 
The third step in the design methodology of the laser cutting system is the 
preliminary design step. When a range of alternative conceptual designs becomes 
available, we need a rational way to evaluate the conceptual designs and select the 
best design according to the design objectives. Based on the objective tree in step 
one of the design methodology, a weighted objective tree can be formulated. The 
weighted objectives tree provides a systematic tool to give the weighted values to the 
sub-objectives of the laser cutting system. The objectives and sub-objectives at 
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different levels were weighted according to their relative importance. This weighted 
sub-objectives of the laser cutting system can used in the evaluation matrix for 
assessing and comparing alternative conceptual designs. 
The concept that has the highest overall total weight value will emerge as the best 
solution. However further investigation is required to ensure that the selected concept 
design has fewer relative weak points in its design criteria and a consistent weight 
value so that "all-round" design is selected. In other words, the optimum design 
solution does not mean the design has the highest weight value. It is also possible 
that any selected concept can be combined with other design concepts and their 
strengths compliment each other to give a better performance of laser cutting 
system. This combination enables to merge the strength of each concept to merge. 
Hence, the final conceptual design of the laser cutting system can be encompassed 
and synthesised of any available alternatives. The manner in which this evaluation 
matrix has been used for assessing and comparing the conceptual designs of the 
laser cutting system will be described later in this chapter. 
3.2.4 Detail Design 
The fourth step in the design methodology of the laser cutting system is a detailed 
design step. In this step of design methodology, the selected conceptual design in 
the preliminary step refined in much greater detail, down to specific part types, 
techniques of trajectory planning, image processing requirements and specifications, 
detail inherent friction in the system and proof of concept testing. These require a 
more detailed mathematical modelling of the system and if necessary further 
experiment such as in the light arrangement of the machine vision, simulation of the 
trajectory planning and laser material processing. 
3.2.5 Design Communication and Final design of Test-Rig 
The fifth design methodology of the laser cutting system is design communication. 
This final step of design methodology is the post-processing step where the detailed 
design is documented and presented before fabrication. This step also provides fine-
tuning of the final conceptual design of the machine system. 
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3.3 The Laser-Beam Manipulator 
The laser beam manipulator controls the trajectory of the laser beam on the cutting 
plane. The movement of one mirror or combination of two mirrors is manipulated to 
create the required trajectory of the laser beam. It is important to know how the 
inverse kinematics equations that describe the trajectory of the laser beam relate to 
the movement of the mirrors. Furthermore, it is also important to know how the 
system dynamics influence the performance of the laser beam manipulator. 
Therefore, the mathematical model for the optical property and the mathematical 
model in the form of differential equations for the critical components of the machine 
systems will be derived and the results will be discussed. Initially, a novel conceptual 
design of the laser beam manipulator is proposed. 
3.4 Proposed Conceptual Design and Modelling of the Laser-Beam Manipulator 
In this research, a novel concept of the laser manipulator is proposed. Based on the 
literature review and author knowledge, nobody has designed this concept of laser 
manipulator. The conceptual design of this novel configuration is depicted clearly in 
Figure 3.5. This conceptual design of the laser manipulator employs one mirror with 
single-revolute and single-prismatic joint. This configuration can be achieved by 
mounting a scanner mirror to a four-wheel carriage. A dynamic focussing lens or flat-
field scan lens is used in conjunction with this laser-beam manipulator. To ensure 
high rigidity of the laser-beam manipulator, the four-wheel carriage is mounted to a 
linear slide, which consists of two rectangular bars fitted with tracks. The scanner 
mirror is inclined at 45 degrees with respect to the linear movement of the slide. The 
mirror itself can rotate with respect to the axis of the scanner. A timing belt-
mechanism is used to drive the linear motion of the slide in the x-direction. The 
movement of this timing-belt is driven by a gear servomotor, which is coupled with 
the pulley at the one end of the liner slide. In the y-direction, the rotational motion ay, 
of the mirror can be actuated by the scanner. Hence, the trajectory of the laser beam 
can be controlled in the x-direction by the linear slide and in the y-direction by the 
rotational motion of the mirror. To monitor the position, the pulley at the other end of 
the linear slide is fitted with an optical encoder. 
56 
Chapter 3 System investigation and mathematical modelling 
Encoder --71'i~ 
Wheels and track bar 
mechanism for the 
linear slide 
Pulley and timing 
belt mechanism 
A mirror mounted I ~'---- on to the scanner 
Figure 3.5: The Conceptual Design for the Laser-Beam Manipulator 
3.4.1 Modelling of Optical Property for the Travel Path of the Laser Beam 
The optical property of the proposed conceptual design of the laser beam 
manipulator needs to be modelled. The inverse kinematics equations that describe 
the position of the laser beam on the cutting plane with respect to the angular and 
translation movement of the mirror are one of the important optical properties of the 
laser-beam manipulator. These inverse kinematics equations are required by the 
control system of the laser manipulator to plan the trajectory of the laser-beam on the 
cutting plane. Based on inverse kinematics equations, the trajectory planning for this 
type of laser-beam manipulator can be controlled and compared with the other type 
of laser-beam manipulators. The manner in which this trajectory planning is 
generated and compared with other types of laser manipulators will be discussed in 
chapter seven. 
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Figure 3.6: Travel Path of the Laser Beam 
(Neulinger 1 995) has derived the inverse kinematics equations for the laser-beam 
manipulator having two scanner mirrors. In order to derive the inverse kinematics 
equations for the proposed laser beam manipulator, the travel path of the laser beam 
needs to be considered and it is depicted in Figure 3.6. As shown in the front view of 
the figure, the relationship between the mirror-deflection ex with the stand-off height 
of the mirror h and the x-Cartesian co-ordinate on the cutting plane is given by the 
equation (1) below 
x tan2Bx =-h 
(1) 
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As depicted in the side view of the figure, similarly the relationship between the 
mirror-deflection ey and the y-Cartesian co-ordinate on the cutting plane can be 
formulated as the equation [2) below 
Based on the two equations above, the profiles of the laser-beam spot on the cutting 
plane were plotted on the Cartesian co-ordinates of the cutting table. In this case, the 
stand-off height, h is 395 mm. Figure 3.7 shows the profiles of the laser-beam when 
the mirror is rotated either in the angle ex or ey. The result of Figure 3.7 (a) shows the 
profiles of the laser-beam spot on the cutting plane when the mirror is rotated 
between the ex angle of -20 degrees and +20 degrees while ey remains fixed. Nine 
profiles were plotted for nine different fixed angles of ey• As shown in the figure, the 
profiles are not straight lines except when the angle ey is equal to zero. This indicates 
that to get straight-line profiles, which are parallel to the x-axis, both the ex and ey 
angles must be rotated simultaneously. By examining the equations above, it is also 
clear that to vary the values of the x-co-ordinates while the value of the y co-ordinate 
remains constant, both the angle ex and ey need to be rotated. However, to move the 
laser spot parallel to the y-axis only the angle ey of the mirror needs to be rotated 
while the angle ex can remain fixed. This can be clearly seen in Figure 3.7 (b). The 
figure shows the profiles of the laser-beam spot when the angle ey is rotated between 
-20 degrees and +20 degrees while the angle ex remains constant. One laser-spot 
profile was plotted for each nine different values of the fixed angle ex. 
If the mirror is fixed and inclined at an angle 45 degrees relative to the linear 
movement of the slide (i.e. ex =0) as shown in the front view of the figure, then the 
equation [1) can be reduced as follows 
x = htan28x [3) 
=0 
Similarly, if the mirror is fixed and inclined at an angle of 45 degrees (Le. ex =0), the 
above equation [2) can be simplified as follows 
tan28y = y h 
[4] 
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For a fixed value of ex. which equals zero, the profile of the laser-beam spot in the y-
direction of the cutting plane is shown in Figure 3.7 (b). The profile is exactly parallel 
and coincides with the y-axis. Since the mirror is fixed with an inclination angle of 45 
degrees, the translation movement of the linear slide determines the position of the x 
co-ordinate of the laser-beam-spot on the cutting plane. This translation movement of 
the linear slide is controlled by the belt and pulley mechanism. If Rp and ep are the 
radius and the rotational angle of the driven pulley respectively, then the equation (5) 
below relates the position of the x-Cartesian co-ordinate of the laser beam on the 
cutting plane with respect to the linear slide movement. 
(5) 
By rearranging the equation (4) and (5) above, the equation (6) and (7) below 
describe the inverse kinematics equations that govern the linear movement of the 
laser-beam on the Cartesian cutting plane 
For the position of the x co-ordinate 
(6) 
For the position of the y co-ordinate 
B = .!. tan -1 (1.) (7) 
Y 2 h 
Based on these two inverse kinematics equations, the position of the laser beam on 
the Cartesian cutting plane co-ordinates can always be defined by the rotational 
angle of the mirror and the rotational angle of the pulley. 
3.4.2 Modelling of Optical Property for the Laser-Beam Parameters 
Designing a laser-beam manipulator involves several inter-related parameters of the 
laser-beam optical characteristic. The parameters of the optical charateristics must 
be carefully matched with both the cutting application and the fabric material to be 
processed in order to achieve the required accuracy, speed and quality. The major 
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parameters of the optical design which are critical in determining the cutting 
performance of the laser beam include beam radius at focus Wo, lens focal length f, 
input beam radius Wi, laser beam intensity I, laser power P and depth of focus /)z. 
Assuming that other parameters are constants, the relationship between any two of 
these parameters can be clearly visualised in Table 3.1. 
RELATONSHIP PARAMETERS 
Beam Lens Input Laser beam Laser Depth of 
PARAMETERS radius at length, beam intensity, I power, focus, 
focus, Wo f(mm) radius, (watts/mm2) P oz (mm) 
Wi 
ocf w··1 oc I oc rll2 oc p 112 oc /)z 112 
oc Wi oc rll2 oc p 112 oc /)ZII2 
W ·1 oc 0 ocf oc 1112 oc P 112 /) ·112 oc Z 
W ·2 oc 0 oc r2 W'2 oc 1 ocp /) ·1 oc Z 
oc Wo2 oc f2 w··2 oc 1 ocl oc /)z 
oz(mm) oc Wo2 oc f2 W··2 oc I oc rl ocp 
Table 3.1: Relationship for the Parameters of the Laser-Beam Optics 
From this table, the optical parameters of laser-beam characteristics that affect the 
performance of the laser cutting system, as depicted in the objective tree of the laser 
cutting system, can be easily clarified. For example, one of the requirements to get a 
higher cutting accuracy is that the design parameter of the laser beam needs a 
smaller focal spot size or a smaller beam radius at focus Wo. From the table, the 
beam radius at focus Wo is directly proportional to the lens focal length f, inversely 
proportional to the input beam radius Wi, inversely proportional to the square root of 
laser beam intensity I, directly proportional to the square root of laser power P and 
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directly proportional to the square root of depth of focus oz. Hence, in order to 
achieve smaller beam radius at focus Wo, it requires a shorter focal length f or larger 
input beam diameter Wj• Consequently, this will result in a smaller depth of focus OZ 
or less laser power or higher laser intensity. A similar relationship of design 
parameters with any optical beam characteristics can be clarified by using this table. 
3.4.3 Mathematical Modelling of the Dynamics System 
Radius of pulley, Rz 
Stiffness of belt, K. 
Damping of belt, C. 
Inertia, J z _"""":----...-11-../\ 
Radius of pulley, R3 
__ ....L-----:;;___ Inertia, J3 
Radius of 
pulley gear, RI 
Inertia of 
motor, 10 
Radius, Ro 
Stiffness, Kt. 
Damping, Cb 
Mass of 
laser head 
Figure 3.8: Model of the Laser-Beam Manipulator 
As mentioned earlier, the laser-beam manipulator is driven by a timing belt and pulley 
mechanism to move the laser head laterally or longitudinally across the cutting table. 
The use of the timing belt mechanism provides a cost-effective solution to the linear 
slide mechanism. This mechanism can be represented as inter-connected standard 
components of mass, springs and dampers. Figure 3.8 shows the model of the 
dynamic system for the laser-beam manipulator. Modelling of the dynamic system for 
the laser-beam manipulator has two points of significance. First, the dynamic model 
can be used to determine the frequency response of the system, and second, the 
dynamic model can also be used in the simulation of the trajectory planning for the 
laser-beam manipulator. 
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Assuming that the stiffness of the shafts is infinite for relatively small inertia load and 
that the numbers of teeth on each gear are proportional to the radius of the gear for 
the gears to engage properly. For the initial design simplification, it is assumed that 
there is neither backlash nor elastic deformation on the gear as well as there is no 
slip between the belt and the pulleys. With these assumptions the laser beam 
manipulator can be considered as a two degrees of freedom system. By applying 
Newton's second law of motion, two fundamental equations of motion to describe the 
dynamic behaviour of the system can be derived. 
The first equation of motion is for the driving pulley shaft at which the torque of the 
motor shaft is applied. The basic equation [8] at the motor driving shaft is as follows 
2 dBO d Bo 
Tm =T/oad +Tf +CO--+JO--2-dt dt [8] 
where 
T m Torque developed by the motor 
T'oad Load torque on the motor gear due to the rest of the driving 
mechanism. 
T, Torque due the friction inherent in the mechanism. 
80 Angular displacement of motor shaft. 
Co Damping coefficient of the motor assembly 
Jo Inertia of the rotor 
Similarly, the second equation [9] of motion for the driven pulley can be formulated as 
follows. 
[9] 
where 
Fa Force on the tight side of the timing belt 
Fb Force on the slack side of the timing belt 
R3 Radius of the driven pulley 
83 Angular displacement of driven pulley. 
C3 Damping coefficient of the driven pulley 
J3 Inertia of the driven pulley and laser head 
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In addition to the above two equations, the servomotor could be modelled as 
standard permanent magnet dc-motor differential equations. For a constant field 
current and armature control dc motor, the torque developed by the motor is 
described by the equation [10] below 
Tm = Kmia 
where 
Km is the motor torque constant 
ia is armature current. 
[10] 
The speed of an armature-controlled de servomotor is controlled by the armature 
voltage Ea. For a constant flux, the induced voltage Eb is directly proportional to the 
angular velocity d9/dt. Therefore, the differential equation [11] for the armature 
current circuit is given by the Kirchoff's voltage law below 
L dia R' E E a-+ ala + b = a 
dt 
[11] 
where 
La Armature inductance 
Ra Armature Resistance 
Eb Back emf of the motor 
Kb Back emf constant of the motor 
90 Angular displacement of the motor shaft 
Based on the equations [8], [9], [10] and [11] above, the state-space equations are 
formulated and can be represented by five state variables and two control inputs as 
follows 
State variables X (t) = [i 0 dOo 
o dt 
Control input U(t) = [Ea Tf r 
o d03 ]T 
3 dt 
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The detailed formulation of the mathematical modelling and the final state space 
equations describing the overall dynamic system of the laser beam manipulator are 
described in Appendix 10.3. 
This detailed state-space system description can be used to determine precisely the 
parameters that influence the accuracy of the cutting process. However, at the initial 
stage of the design process this detailed system modelling can be simplified by 
neglecting the effect of the timing belt elasticity. This significantly reduces the 
complexity of the initial design process and the effect of the initial design parameters 
such as gear ratio, acceleration and inertia of the system can be easily evaluated. 
Various design parameters and motor selection can be made using this state space 
equation. Critical design parameters such as gear ratio, system bandwidth, pulley 
diameter, inertia, friction and PlO control parameters can be determined and 
evaluated easily. Section 10.1 of the Appendix gives a summary of the design 
parameters for the laser beam manipulator. 
3.4.4 Analysis of Frequency Response 
Based on the overall state-space model of the laser-beam manipulator, dynamic 
simulations were carried out in order to determine the dynamic behaviour of the belt-
driven laser manipulation system. There are two critical parameters that determine 
the performance of the timing-belt used to drive the linear slide mechanism. These 
parameters are the effect of stiffness and the damping coefficient of the timing belt. 
An open-loop control strategy was used in the simulation of frequency response of 
the system. The maximum length of the cutting shape is 600mm and consequently 
the length of the timing belt needs to drive the laser head along the web must be 
longer than this. Due to the elasticity and the damping of the belt, which is quite 
significant because of its length, it is desirable to predict its dynamic performance 
such as resonance, bandwidth and stability margin. This will ensure the speed and 
accuracy of the system to satisfy the design requirement. The simulation of the 
dynamic behaviour of the laser manipulator was done by using Matlab Simulink "" 
Software. 
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The non-linear behaviour due to friction was not taken into consideration in the 
simulation. In order to determine the effect of belt stiffness and damping coefficient in 
the laser delivery system, all other system parameters such as inertia, bearing 
damping coefficient and motor viscous friction were kept unchanged during the 
simulations. The belt stiffness Kt, and belt-damping coefficient Cb were the only 
variables in the simulation. It is assumed that the mechanical property of the timing 
belt is homogenous throughout its entire length. Hence, the stiffness or elasticity of 
the belt can be derived from this simple equation [12], 
where E = Young modulus of the belt 
A = Cross-sectional area of the belt 
L = Length of the belt. 
[12] 
For a typical value of Young Modulus of timing belt E= 570 N/mm2, cross sectional 
A= 16mm2 and length L = 750 mm, by using the above equation the belt stiffness is 
equal to 12.16 Nlmm. In the first simulation, this value of belt stiffness remained 
constant. The value of the damping coefficient was increased from 0 to 1500 Ns/m. 
The frequency response results were plotted in form of bode diagrams and are 
shown in Figure 3.9 (al. As expected, the magnitude of the resonance was higher 
with the lower value of the belt damping coefficient. The belt-damping coefficient did 
not significantly affect significantly the frequency at which the resonance occurred. 
From the bode plot results, the bandwidth of the system was 29 rad/s with a phase 
margin of 290 degrees. The resonance frequency was 800 rad/s. Since the system 
bandwidth fell far below than resonance frequency, the system did not experience 
excessive vibration. Furthermore, the resonance was completely damped with the 
increasing value of damping coefficient. Normally, the actual value of the damping 
coefficient of the belt is approximately equal to 15000 Ns/m. This value of damping 
coefficient indicates that resonance will not happen in the system. The bandwidth of 
the system can be improved significantly under the closed-loop control. 
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Figure 3.9: Frequency Response Analysis for the Laser-Beam Manipulator 
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In the second simulation, the frequency response analysis was performed with no 
belt damping. The effect of different belt stiffness under no belt damping can be 
visualised in Figure 3.9(b). By changing the value of the belt cross-sectional area A 
and length L, four values of belt stiffness Kb were simulated. The values of stiffness 
Kb were increased from 1.2160 to 121600 N/m. The results showed that with a lower 
belt stiffness, the resonance will happen at a lower frequency. Even though a high 
value of the belt-damping coefficient will suppress the magnitude of resonance, it 
was important to select the belt stiffness where the resonance frequency was not 
within the range of system operating frequency. 
3.5 Design Evaluation for the Laser-Beam Manipulator 
In order to evaluate the strength and the weakness of the proposed novel concept of 
laser manipulator, a comparison between the proposed concept and the other 
concepts of laser beam manipulators is required. Based on the literature review 
carried out, three other design concepts of laser beam manipulators are possible for 
high-speed 2-dimensional shape cutting of web material. Including the proposed 
novel concept of laser beam manipulator, they can be grouped into four basic design 
concepts, which are as follows 
• Concept 1: Two mirrors with double-revolute joint 
• Concept 2: Two mirrors with double-prismatic joint 
• Concept 3: One mirror with double-revolute joint 
• Concept 4: One mirror with single-revolute and single-prismatic jOint 
The configuration of the Concept 1, Concept 2 and Concept 3 are described in the 
Chapter 2 of the literature review. Concept 4 is the proposed new concept of the 
laser beam manipulator, which has been described previously in this chapter. An 
evaluation matrix, as shown in Table 3.2, was used to compare the performance of 
the proposed concept with the other concepts of laser-beam manipulators. The 
evaluation matrix provides a chart assessing and comparing alternative conceptual 
designs in a systematic and objective way. 
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2D-Laser Beam Manipulator 1 . Conc'"'t 1 ;:;x Conceot 2 ···'Conceot 3.;; ConcElDt 4 ... , Value Weight Value Weight Value Weight Value Weight 
Design Objective welght(W) (V) Value (WV) (V) Value(WV) (V) Value,WV (V) Value(WV) 
High Structure Comoact 0.05 10 0.50 4 0.20 8 0.40 7 0.35 
Integrity Low vibration 0.05 10 0.50 3 0.15 9 0.45 6 0.30 
Low wear of movina Darts 0.05 9 0.45 3 0.15 8 0.40 6 0.30 
1>';/' . : >"','. ; Total ··:;x.; . ; ,,·it. 0.15 '1;,' •. ' 1;;\1.45 .. I ... ;;;.·· · ... 0;50··. , .;;x; I; 1.25.E; . ' ;:; U:: 0.95 ... 
Hiahsoeed 0.05 10 0.50 3 0.15 6 0.30 7 0.35 
Good System High Bandwidth 0.10 10 1.00 5 0.50 9 0.90 8 0.80 
Dynamics Hiah aailitV 0.05 10 0.50 5 0.25 6 0.30 7 0.35 
H: ': ';" .,' Total ' .'.,;;, ."{' 1':0.20 .. I i '.2.00 I.',;; .0.90. '.';;; ; ',.1.50;;;, .: .•... I,: 1.50·: 
High accuracy Straiaht-line cuttina oattem 0.2 7 1.40 10 2.00 6 1.20 10 2.00 
of trajectory Intricate motif cutting pattern 0.2 10 2.00 4 0.80 5 1.00 7 1.40 
planning 
I ... '.' , Total 
" 
.•. ', . 0.4 ' ';3.40 'i •. ,2.80 . .. '::' 2.20.;. . .. 1:.:. 3.40· 
High accuracy No astigmatism 0.1 2 0.20 10 1.00 2 0.20 4 0.40 
of optical Small laser-beam soot size 0.1 5 0.50 10 1.00 5 0.50 6 0.60 
property Low standoff heiqht 0.05 5 0.25 10 0.50 5 0.25 5 0.25 
I :; . Total ;:', , • I 0.25 :., . ,0.95 ::, 2.50 ,.. 0.95; ... I, 1.25 .. 
lu;!":"';> . Overall. total·. ;Cd::.:!:::';:' , 1.0 ;;:: I,,;:;;n; :;,; ",MO .. :, ,;;'§l",,;;' ;:.6:70: .. ·· ·5;90.uHm, I:, o·;: .. w 
Table 3.2: Evaluation Chart for the Laser-Beam Manipulators 
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From the objective tree of the laser cutting system, simplified weights assigned to the 
sub-objectives of the laser cutting system were used. These assigned weights are 
depicted in the evaluation matrix of the laser beam manipulators. The weights 
assigned to the sub-objectives are based on the results of modelling and the 
information obtained from the literature review of the laser beam manipulators. 
In the evaluation matrix, four sub-objectives of the laser cutting system were 
considered. These four sub-objectives are a high structure integrity, a good system 
dynamics, a high accuracy of trajectory planning and a high accuracy of optical 
property. The first two sub-objectives are directly related to the reliable operation of 
the laser cutting system and the other two sub-objectives are directly related to the 
high cutting accuracy and quality. The weight values were calculated for each sub-
objective of the alternative conceptual designs. From the evaluation matrix, the sub-
objective of concept 2 had the highest total value for the high accuracy of optical 
property with a value of 2.50. Concept 1 and 3 had the lowest total weight values for 
that sub-objective of the laser beam manipulator. In the high structure integrity and 
good system dynamics sub-objectives, Concept 1 gained the total weight values with 
the values of 1.45 and 2.00 respectively. Concept 2 had the lowest values for the 
both sub-objectives, which were 0.50 and 0.90 respectively. Concept 1 and Concept 
4 emerge as the highest weight value for the high accuracy of the trajectory planning. 
Concept 3 has the lowest value. The weight values assigned to the accuracy of the 
trajectory planning are based on the simulation results in the chapter seven. 
From the evaluation matrix, concept 1 had the highest overall total weight value of 
7.80, which emerged as the best solution. However further investigation showed that 
design concept 1 had two relative weak points in its design sub-objectives. The first 
weak point was in the sub-objective of high accuracy of optical property, in which it 
had a weight value of 0.95. The second weak point of this concept was in the sub-
objective of high accuracy of the trajectory planning for straight-line cutting, in which 
it had the weight value of 1.40. In these two aspects of sub-objectives, concept 2 and 
concept 4 performed better than concept 1. But concept 2 had weak points in several 
other sub-objectives of the laser beam manipulator. Therefore, besides concept 1, 
concept 4 had a relatively consistence weight value in the sub-objectives of the laser-
beam manipulator. In other words, the best conceptual design solution will depend 
on the shape of the cutting pattern. For cutting a lace motif, which has very intricate 
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cutting path, concept 1 is the best solution. But for cutting a simple pattern, which 
consists of several long straight-lines, concept 4 is the best solution. For cutting 
metal which requires high concentrated heat and less demanding dynamic 
periormance, concept 2 is the best solution since it has the highest accuracy of 
optical property with a total weight value of 2.50. Hence, the final conceptual design 
of the laser beam manipulator for cutting lace fabric material will depend on the 
shape of the cutting pieces. Furthermore, it can be encompassed and synthesised on 
any of the above available design concepts. 
3.6 Material Handling System 
A material handling system is required as one of the sub-systems in the laser cutting 
system. It is essential in order to transport and manipulate the non-rigid web fabric. 
As depicted in the objective tree of the laser cutting system, the material handling 
system must have a reliable operating characteristic and a high cutting edge 
accuracy and quality. To have a reliable operating characteristic, requires a stable 
handling of web fabric, high structure integrity, good system dynamics and high 
safety. Furthermore, to produce a high cutting edge accuracy and quality needs a 
high accuracy of image analysis, a high accuracy of trajectory planning, high 
accuracy optical property, high accuracy of mechanical parts and high accuracy of 
motion controller .. In order to achieve these sub-objectives, generation of conceptual 
designs, in which different concepts that can be used to achieve the design 
objectives, are required. 
3.7 Conceptual Designs for the Material Handling System 
In developing the conceptual design of the material handling system, morphological 
charts have been used as a design tool to develop the conceptual designs. Three 
design concepts of material handling systems have been developed. These 
proposed conceptual designs are as follows, 
• Concept 1: Roller controlled-motion of web handling system 
• Concept 2: Metal-conveyor control-motion of web handling system 
• Concept 3: Dual-gripper controlled-motion of web handling system 
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These conceptual designs have been developed for handling non-rigid web material. 
If the need arises, small design variations such as method of power transmission , 
selection of part materials and dimensions of the web can be considered and 
included at the later stage of design process. 
3.7.1 Roller Controlled-Motion of Web Handling System 
Rubber 
insulated 
rollers 
Camera ____ ---:". 
Backlighting 
source 
Web of lace 
Laser beam 
~maniPulator 
Transparent 
glass plate 
Semicircle 
~ cutting table 
Rubber 
insulated 
rollers 
breadth -----.,;~",. 
Figure 3.10: Roller Controlled-Motion of Web Handling 
Figure 3.10 shows the conceptual drawing for the roller control-motion of web 
handling. In this concept, two pairs of roller mechanism are used to transport the lace 
web. The rolling friction enables the lace to be pulled continuously in a forward or 
backward direction. To increase the rolling friction , the rollers need to be insulated 
with a soft rubber material. The difference in the relative rotational movement 
between these two pair of rollers can be used for adjusting the tension of the web. A 
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semi-circular shaped cutting table is employed to increase the sliding friction due to 
gravity force and to reduce wrinkling during the web transportation. On top of the 
table is a flat borosilicate glass plate that can withstand the high temperature of the 
laser beam. This flat glass is transparent and it is an effective table cutting area, 
which is the cutting area of the web fabric. A backlighting approach is utilised, in 
which the cutting table is located between the camera and the light source. 
The main advantage of this design is that it allows a fast continuous movement of 
web transportation. The cutting process is more efficient if the cutting operation is 
performed on the fly such as in the lace scalloping operation. However, the main 
disadvantage of the design concept is that the web cannot be cut completely across 
the width of the web. This is because the web must maintain its continuity for 
continuously transporting the lace. Another disadvantage is that the concept is not 
effective to have reciprocating movement of web since it has inherently large rolling 
friction. In general, this concept of material handling is suitable for a steady-state flow 
of web material such as in the web transportation for the lace scalloping. 
3.7.2 Metal-Conveyor Control-Motion of Web Handling System 
The second conceptual model of the laser cutting system is shown in Figure 3.11. In 
this concept, a metal conveyor belt is used to transport the lace. The web is charged 
electrostatically by the electrostatic charger. The electrostatic charges enable the 
web lace to adhere to the metal conveyor. Other options for the workpiece holding 
mechanism are vacuum-pneumatic system, pin-fabric conveyor or a hybrid 
mechanism. Using this concept, the cutting process can be done in two modes: first 
when the lace-fabric and conveyor do not move, or in the second mode when the 
lace fabric and conveyor are moving. Relative to the inertia of the fabric, the inertia of 
the metal conveyor and its two rollers are higher. To overcome this inertia and friction 
force, the traction force between the rollers and the metal conveyor must be 
sufficiently high to drive the conveyor belt. This implies that the material handling 
system requires a high power to drive the system. The main advantage of this 
concept is that it allows both continuous movement and reciprocating movement of 
the web material. Since the metal conveyor is an opaque material, a front lighting 
approach is required for this concept of material handling . As explained by Tao (Tao 
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1995), and Bamforth and Jackson (Bamforth and Jackson 2003), relative to the back 
lighting, front lighting system is less suitable for the imaging of the lace fabric. The 
front lighting system is more suitable for imaging opaque web material such as 
decorative wallpaper. Therefore, this type of material handling system is more 
suitable for the laser cutting of wallpaper. 
Steel Rolier / 
/ 
Metal conveyor 
belt 
Steel Roller 
Camera 
Front lighting 
I source 
Electrostatic I charger 
Figure 3.11: Metal-Conveyor Control-Motion of Web Handling System 
3.7.3 Dual-Gripper Controlled-Motion of Web Handling System 
This concept of material handling system utilises two identical gripper mechanisms 
which work in tandem. The conceptual design is shown in Figure 3.12. One gripper is 
mounted on a carriage of a linear slide and another gripper is inverted and attached 
to the stationary frame of the material handling system. Each gripper has its own 
jaws, which can grasp the web fabric. The jaws can be opened or closed by the 
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movement of a pneumatic piston . The moving gripper that is attached to the carriage 
of the linear slide enables the gripper to grasp and transport the web fabric. The 
stationary gripper acts as an assistant to the moving gripper during the web 
tensioning, web manipulation and web transportation. The effective part of the 
cutting table is made from flat Pyrex borosilicate glass plate. The glass-cutting table 
is transparent which enables the back lighting approach for the web imaging system. 
Limit 
Feeding 
mechanism 
Camera ____ :;,./.,...,. 
Laser-beam 
Inverted gripper 
Transparent 
glass cutting 
table 
Figure 3.12: Dual Gripper Control-Motion of Web Handling System 
This material handling system uses a cantilever design concept to ensure free 
movement of the moving gripper over the cutting table as well as the stationary 
gripper. Therefore the moving gripper can overlap the position of the cutting table 
and the stationary gripper. A servomotor via a rack and pinion mechanism controls 
the movement of the linear carriage. The use of rack and pinion system enables the 
system to have less friction and less power to drive the material handling system. 
One disadvantage of the concept is the existence of backlash in the rack and pinion 
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system. However, relatively accurate positioning of the carriage can still be achieved. 
Another disadvantage is that this concept of material handling system does not allow 
a continuous motion of web for the lace transportation. The material handling 
mechanism is fed the lace fabric, intermittently in the feeding direction. The cutting 
process is carried out when the lace-fabric is in a stationary position. 
3.8 Design Evaluation for the Material Handling System 
One of the significant issues in the evaluation of the material handling system is the 
friction inherent in the material handling system. Before any evaluation can be made, 
it is important to understand this issue. This is because of the interrelated effect of 
friction on the sub-objectives of the material handling system. Indirectly, the non-
linearity of friction may affect not only the structure integrity but also the accuracy of 
the motion controller and the dynamic system of the material handling mechanism. 
This is because high friction will lead to a lower system bandwidth and a higher 
steady-error. It has an impact on the system dynamics in all regimes of operation. In 
fact, during the very low speed of the material handling system, friction may dominate 
the characteristics of the motion. There are two sources of friction, sliding friction and 
rolling friction, as described in section 10.2 of the appendix. 
In concept 1, sliding friction exists between the moving fabric material and the cutting 
surface. For the sliding friction, the static friction is always higher than the Coulombic 
friction. Several sliding friction models have been proposed in the literature such as 
in (Armstrong-Helouvry et al. 1 994). These models describe the relationship between 
the sliding friction force and the relative velocity of moving surfaces. Sliding frictions 
also exist between the balls and the cage inside the ball bearings in all concepts of 
the material handling system. However, these sliding frictions can be considered 
relatively small in the all three design concepts of the material handling system. 
Rolling friction between two hard surfaces, such as between the roller and the metal 
belt conveyor of concept 2, operates at a far lower resistance to motion than those 
involving deformable rollers. For highly deformable rollers such as in concept 1, the 
coefficient of rolling friction is more significant. This type of rolling friction, which 
involves deformable rollers, is described in Stolarski and Tobe (Stolarski and Tobe, 
2000). This rolling friction originates from the rubbing of rubber molecules over one 
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another during the deformation process and it is also termed as internal friction or 
elastic hysteresis. Initial investigation on friction indicates that an accurate friction 
model is quite difficult to achieve due to non-linearity and interrelated friction 
parameters. The non-linearity of friction during the initial stage of sliding and rolling is 
more difficult to predict than that during the steady state condition. An estimated 
value of the friction for the concept 1 of the material handling shows that rolling 
friction is more dominant than sliding friction. Relative to concept 3, the use of the 
roller mechanism in concept 1 and concept 2 to transport the lace incurs relatively 
high rolling friction and causes non-linearity to the behaviour of dynamic system. 
Similar to the evaluation of the laser beam manipulator, the final evaluation of the 
material handling system was performed by using an evaluation matrix method. The 
evaluation matrix for the material handling system is shown in Table 3.3. Five sub-
objectives of the laser cutting system are considered. These five sub-objectives, 
which are obtained from the objective tree of the laser cutting system, are high 
accuracy of image analysis, stable handling of web fabric, high structure integrity, 
good system dynamics and high accuracy of motion control. Each sub-objective is 
sub-divided into further detailed objectives. In the evaluation of the material handling 
system, two assumptions have been made. The first assumption is that the web is 
transported intermittently and the cutting is performed when the web is in the 
stationary pOSition. The second assumption is that the shape of the cutting is a two-
dimensional shape. Based on the information obtained from the literature review and 
friction analysis, the weights were assigned. The weight values were calculated for 
each sub-objective of the alternative concepts. 
As mentioned previously, friction inherent in the material handling system has an 
impact on three of the sub-objectives of the laser cutting system. These are the 
structure integrity, system dynamics and motion control of the material handling 
system. For the sub-objective of high structure integrity, concept 3 has the highest 
weight value of 1.15. This is simply because the concept inherently has a very low 
friction. Relative to concept 2, concept 1 has a higher value of rOiling friction. This is 
because rolling friction is more pervasive if deformable rollers are used for the lace 
transport mechanism relative to the hard surface roller. The two rollers that keep in 
constant contact with the cutting plane of concept 2 cause the weight value of 
vibration to be relatively low. In the sub-objective of the good system dynamics, 
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concept 3 again has the highest value of 1.20. This is mainly because this concept 
possesses less inertia and less friction. High friction that exists in concept 1 and 
concept 2 indirectly causes the weight values of bandwidth and agility to be relatively 
lower. The final sub-objective is the high accuracy of motion control. The accuracy of 
motion control is determined by the method of the motion control. However, it is also 
directly related to the inertia of the moving parts as well as disturbances due to non-
linearity of friction. Apparently, concept 3 has less inertia as well as less friction that 
enables the concept to have the relatively highest weight value of 0.85. The rack and 
pinion driving method in concept 3 also provides a more effective method of power 
transmission. 
Material Handling System 
Evaluation Criteria 
Less Image Noise O. 
Good '~~'r ,." o. 
I~<!" . "/' ,oia,.·., ........, 
Stabla 
Handling of 
Web Fabric 
No side drift 
No ripple 
No 
0.05 
0.05 
0.05 
0.05 
0.05 
9 0.90 5 0.50 9 0.90 
9 0.90 5 0.50 9 0.90 
7 
7 
8 
5 
0.45 
o. 
o. 
o. 
0.: 
•••• •••.... •. " .. ' .1 
9 0.45 9 0.45 
6 0.30 7 0,35 
7 0.35 7 0.35 
a 0.40 8 0.40 
6 0.30 8 0.40 
High Structure Low 0.05 8 0.40 6 0.30 8 0.40 
Integrity Low friction 0.05 1 0.05 3 0.15 9 0.45 
0.05 8 0.40 8 0.40 6 0.30 
. ~a, L 15 l.85 0.85 1.15 
",uuu fig' speed >.05 6 0.30 6 0.30 8 0.40 
I>:,:', ..•..•. ~;qility.~ !~;~t"i~.~:.~:~~...~< ii ...... ~ ....... ~ 
High accuracy Minimumsteady 0.05 3 0.15 5 0.25 8 0.40 
of motion state error 
control f error 0.05 4 0.20 6 0.30 9 0.45 
Table 3.3: Evaluation Matrix for the Material Handling System 
For the high accuracy of image analysis sub-objective, concept 1 and concept 3 have 
the highest total weight values, which is 1.8. Concept 2 has the lowest weight value. 
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Concept 1 and concept 2 have the highest value because both concepts employ a 
back lighting arrangement, which can produce a high-contrast image. The large 
opaque surface of the metal conveyor may also lead to the accumulation of dust and 
dirt that leads to higher image noise. Furthermore, the vibration of the metal belt 
caused by the rollers can result in the image noises. For the stable handling of web 
fabric sub-objective, concept 3 has the highest weight value of 1.95. This is because 
this concept enables the manipulation of the web even when the web is completely 
discontinuous after the cutting process. Another reason is that the web tension can 
always be controlled accurately with the use of the two-gripper mechanism. 
Concept 3 that has the highest overall weight value emerges as the best concept. It 
is also important to note that this concept design has the highest weight value of all 
of the sub-objectives of the material handling system. Therefore, this concept is the 
optimum design solution for the material handling system. This concept is only the 
best solution if the stated assumptions above are prevailed. For example, concept 1 
can be the best solution for transporting continuously and cutting the lace on the fly 
such as in the lace scalloping. Perhaps, Concept 2 is the best concept for 
transporting and cutting web of decorative wallpaper. 
3.9 The Final Design of the Material Handling System 
Figure 3.13 shows the picture of the final test-rig for the material handling system of 
the laser-cutting machine. The selected design concept 3 has been used to produce 
this final detailed design of the material handling system. The detailed pictures of the 
material handling system are attached in Appendix 10.7. The features of the 
mechanical design for the material handling system consist of two gripper 
mechanisms, a linear slide and carriage, and a feeder and cutting table mechanism. 
The mechanical design of this material handling system allows for high speed and 
acceleration with minimum flexing and vibrations. These characteristics have been 
achieved through the following design measures, 
• Unique design concept of material handling mechanism 
• Minimised mass of moving parts without compromising structure integrity 
• Closely matched inertia of the system to the servo-motor inertia 
• Utilised two-stage closed-loop PID motion control 
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Figure 3.13: Final Test-Rig for the Material Handling System 
3.9.1 The Gripper Mechanism 
The heart of the material handling system is twin gripper mechanisms. One of 
grippers is mounted to a moving carriage of the linear linear-slide mechanism. The 
other one is stationary and attached in an inverted position to the frame of the laser 
cutting system. The mechanical features of the inverted gripper is shown in Figure 
3.14. Each gripper consists of two parallel jaws in which only one jaw is active to 
clamp the web fabric. The active jaw is simply a silver steel rod of 6mm diameter and 
380mm length. The active jaw is mounted to a non-rotating double acting pneumatic 
cylinder with a stroke length of 80mm. The gripper was designed in such a way that 
the required grasping motion was achieved by a simple on-off solenoid pilot-air 
driven valve mechanism. Silencer, fitted with an air control flow valve was attached 
to the main solenoid valve for noise reduction and speed control of the active jaw. 
For safety reasons and robustness, two proximity switches were fitted at both ends of 
the pneumatic cylinder for sensing the position of the active jaw. The compact 
cylinder that drives the active jaw for this grasping motion is connected to the on-off 
pressurised air mechanism. The use of pneumatic cylinder kept the gripper control 
simple, less expensive, and easily integrated into the industrial plant. The passive 
jaw was a rectangular bar of 380 mm length with a V-shape slot to accommodate the 
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active jaw. The V-shape slot enabled the tension load to be exerted only to the 
passive jaw and eliminate the twisting moment on the active jaw during the web 
tensioning adjustment. A soft high friction material was inserted at the inner of V-
shape passive jaw. The use of soft high friction material ensured a non-destructive 
grasping of delicate lace fabric and increased the gripper's adaptability to variance in 
tension of the viscoelastic web material. It was chosen so that the friction between 
the active and passive jaw was able to achieve grasping stability for web tension 
when adjusting the tension of the web. 
~--:;r Brackets to support the pneumatic 
cylinder and passive iaw 
~~~~"""lij-I-_ Clamp to attach the active 
jaw to the pneumatic piston 
aH~""-'Pneumatic fittings 
Active jaw 
Soft rubber 
inside the V-slot 
Figure 3.14: Features of Mechanical Design for the Gripper 
3.9.2 The Linear-Slide Mechanism 
A carriage mounted onto a linear-slide mechanism was used to move one of the 
grippers horizontally in the feeding direction of the lace. Details of this linear slide 
mechanism are shown in Figure 3.15. The linear slide consists of two linear 
rectangular bars fitted with linear tracks. The two bars were aligned and held by two 
brackets at the both ends. A four-wheel carriage with a gripper was mounted on the 
linear slide. The linear-slide was designed in such a way that the rigidity was high for 
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an effective stroke length of 1000mm. The linear slide assembly was attached to the 
stationary frame of the material handling system. To monitor the position, a motor 
fitted with an optical encoder was used to drive the carriage of the linear-slide. A rack 
and pinion mechanism was used to convert a rotary motion of motor to a linear 
motion of the carriage. The rack with gear teeth on one of its side was attached to the 
top rectangular bar of the linear slide. The pinion was a small gear coupled to the 
motor shaft, which is also move linearly with the slide carriage mechanism. For 
safety reasons, two limit switches were fitted at the both ends of the linear slide 
mechanism to indicate the minimum and maximum stroke of the linear slide. 
Similar to the design of the stationary gripper, a double acting pneumatic cylinder 
was used to activate one of the two rigid jaws to grip the lace fabric. Even though the 
grippers were pneumatically activated, binary proximity sensors were incorporated to 
indicate when the grippers are closed and when they were open. These sensors 
ensured that the grippers were closed or opened before the slide began to move. In 
addition to that, the vision sensor was incorporated to inform the controller when the 
gripper had successfully transported the lace according to the required tension and 
position. 
Top rectangular 
bar fitted with 
gear rack 
Bottom rectangular bar 
'-ltE::--__ Assembly of the 
moving gripper 
Figure 3.15: Features of the Mechanical Design for the linear slide 
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3.9.3 The Cutting Table and Feeder Mechanism 
Borosilicate glass 7 
cutting table 
Glass holder 
Assembly of 
stationary gripper 
~ 
Web feeder 
mechanism ./ 
Lacewe~ 
Figure 3.16: Design Features of the cutting table and the web feeder 
Two brackets were used to support a cantilever concept of the cutting table for the 
laser cutting system. The effective area of the cutting table is 350 x 350mm and it 
was made of square thin glass. This glass was a Pyrex borosilica glass which was 
transparent and could withstand high temperatures of up to 300°C. It also did not 
transmit the CO2 laser with a wavelength of 10.6 j.lm. The feeder mechanism was 
used to guide the web lace so that the lace was always fed onto the centre of the 
cutting area. 
3.10 Summary of the Chapter 
A structured design methodology for developing the test'rig of the high·speed laser 
cutting system has been explained. Several design techniques and tools were 
introduced at various stages of the design process. In order to get an optimum 
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design solution and simplify managerial intricacy during the design process, this 
strategic approach is important for designing a multi-diciplinary nature of the laser 
cutting system. 
One conceptual design for laser manipulator and three conceptual designs for the 
material handling system have been proposed. Based on these conceptual designs, 
modelling and discussion on the important features of the conceptual designs have 
been made. These include the optical property of the laser beam manipulator, the 
system dynamic of the laser beam manipulator and the friction inherent in the 
material handling system. Evaluation matrix has been used to evaluate the strengths 
and weaknesses of each conceptual model. 
Finally, a detailed design of the material handling was proposed and the test-rig for 
the material handling system was fabricated. The mechanical features and the basic 
working principle of the material handling system have also been explained. 
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CHAPTER FOUR 
INTELLIGENT HANDLING SYSTEM FOR THE ELASTIC WEB MATERIAL 
4.1 Introduction 
The focus of this chapter is to integrate one of the intelligent material handling 
concepts in previous chapter into a practical realisation. There are many components 
or aspects to the whole area of intelligent material handling systems. The area, which 
will be highlighted here, is one that exploits a machine vision system to assist the 
material handling system for controlling the web tension and adjusting the web 
deformation. In the previous chapter of this thesis, there are excellent examples 
described in the literature review, which deal with the applications of machine vision 
in industrial automation. In this chapter, some important aspects of machine vision 
related to web fabric handling will be described. This includes the components of the 
vision system, web image acquisition and lighting arrangement. In addition to that 
this chapter will also discuss the incorporation of a motion controller with the machine 
vision to co-ordinate precisely the sequence of web handling operation. Two-stage 
PI D control has been implemented to control the motion of the material handling 
system. An experiment to determine the mechanical behaviour of the lace web has 
also been carried out. The manner in which this whole concept of intelligent material 
handling system operates will be discussed in this chapter. This includes system 
configuration, motion control and sequential operation of web distortion control. The 
on-line image analysis coupled with the motion controller is the key concept in the 
mechatronic integration of this intelligent web based material handling system. 
4.2 Material Handling System 
Material handling system can be divided into several general categories such as 
carriers, conveyors, and other material handling systems. Examples of material 
handling mechanism may be listed as power carriers, automatically guided vehicles, 
power-and-free conveyors, toy-cart systems, rail-guided vehicle system, conveyors, 
roller conveyors, belt conveyors, air-cushion conveyors, modular conveyors, other 
material handlers, automatics storage and stationery robot system (Stonecipher 
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1989). These types of material handling system have been widely used in the 
automation of production line in the manufacturing industry. However, there are some 
inherent problems to directly apply these types of material handling mechanism to 
the lace web fabric. This is because handling of web lace material is not as easy as 
handling rigid material or a normal plain fabric. This due to the fact that besides the 
nature of fabric materials which is soft, flexible and nonrigid, the nonlinear 
deformation of lace web causes the manipulation and handling operation more 
difficult. In addition to that the two-dimensional pattern on lace web requires the 
material handling system to position, orientate and elongate the lace prior to the 
cutting process. Researchers are developing several methods in handling flexible 
material such as fabrics. This has been reviewed in chapter two, in particular for the 
material handling system of the planar limp fabric material. Most of these methods 
are designed for handling fabric in a stack, bundle or multilayer of fabric material. In 
other words, they are not designed for handling web based material. On the other 
hand, for a web based material it is customary in material handling of web to use 
roller mechanism. But the disadvantage of using rollers is that it requires a 
continuous long span of web which only happens at the upstream of production lines 
of garment industries. At the downstream of production lines such as in the cutting 
area, the web is no longer continuos after the cutting process. Hence, there is a need 
to develop an intelligent material handling system for 2D-patterned shapes of non-
rigid web fabric. 
4.3 An Intelligent Concept of the Material Handling System 
Material transportation 
into the cutting area 
Web Position and Orientation Adjustment 
D 
Material manipulation 
within the cutting area 
D 
Web Tension Control 
Material transportation 
from the cutting area 
Figure 4.1: General Concept of the Intelligent Web Handling 
88 
Chapter 4 Intelligent Handling System 
One of the most important and interesting concepts of the intelligent material 
handling system was the development of decision-making capabilities. The material 
handling system utilised a machine vision system as a means for assisting the 
system in making decisions during the web handling operation. In addition to that it is 
very exciting to look at the incorporation of the motion controller with machine vision 
to manipulate the web fabric material. To be able to do this incorporation the image 
analysis of the particular part of web material would be recognised by the machine 
vision and the information of the image analysis would be passed to the host 
computer. Based on the result of the image analysis, the host computer would 
activate the controller of the material handling system for appropriate manipulation of 
web fabric. 
This concept of the intelligent handling in which a novel test-rig had been developed 
is shown in Figure 4.1. There were two main functions of the material handling 
system, which are web transportation and web manipulation. The first function was to 
transport the web fabric into and from the cutting area before and after the cutting 
process respectively. The second function was to manipulate the web fabric within 
the cutting area so that the web deformation was within the acceptable limits of 
control parameters. Three control parameters, which were the position, orientation 
and elongation of the web fabric, would be monitored and adjusted prior to the cutting 
process. The developed test-rig of the material handling system for the laser-cutting 
machine consists of three parts. These are, 
• System Configuration 
· Control System 
• Machine Vision 
The system configuration illustrated the interfacing method of the overall mechanical 
handling system to the PC-computer. The control system implemented the motion 
control strategy of the linear slide and activates the jaws of the fabric handling 
grippers. The vision system of the test-rig had two different purposes. The first 
purpose was to recognise the pattern and extract the cutting path profile. The second 
purpose of the machine vision was to assist the material handling system of the web 
fabric to make a decision. The manner in which the image processing and pattern 
recognition techniques to achieve these two purposes will be elaborated in detail in 
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the next chapter. Part of this chapter explains the sequence of operations based on 
the image analysis of the machine vision. Coupling the vision system with the laser 
scanner and the fabric handling mechanism has resulted in a laser-cutting machine 
capable of making decisions and performing delicate cutting tasks. 
4.4 System Configuration and Computer Interfacing 
In the previous chapter, the conceptual design of the material handling system has 
been described in detail. Based on this conceptual design, the configuration of the 
system and how the system actuators and sensors were interfaced to the computer 
is shown in Figure 4.2. Basically, the dynamic components of material handling 
system consist of a linear slide mounted on a rack and pinion mechanism, and it was 
driven by a dc-servomotor. A gripper was attached to this linear side. The linear 
movement of the linear slide enabled the gripper 2 to grasp and transport the web 
intermittently. The other gripper 1 was stationary and was mounted to the frame of 
the material handling system. This function of the gripper 1 was only to grasp the 
web when it is required by the gripper 2. Both of these grippers were working in 
tandem during the material handling of the web fabric. Two pneumatic cylinders 
actuated both of these grippers for grasping the web fabric. This intelligent material 
handling system was based on a PC-computer where all the sensors and actuators 
of the system were connected via the host bus of the computer. In general, the 
system had 3 actuators and 8 sensors and they are listed as follows 
Actuators: 
Sensors: 
DC-Motor 
Solenoid Valve for gripper 1 
Solenoid Valve for gripper 2 
Encoder of 2000 Quadrature-Counts fitted to the DC-Motor 
Proximity switch to detach the close position of active gripper1's jaw 
Proximity switch to detect the open position of active gripper1's jaw 
Proximity switch to detect the close position of active gripper2's jaw 
Proximity switch to detect the open position of active gripper2's jaw 
Limit switch for the right end of the linear side 
Limit switch for the left end of the linear side 
CCD camera 
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Address Bus 
Address Decoding and 
Control Signal Generation 
o 
= 
= 
=- WiT 7.1 
HeTL 
2016 
DAC 
7537 
Programmable Peripherallntertace 8255PIA 
Input PortA Output PortS Output PortC Frame Grabber CM ChI Ch(: C/lO 
Lace Web 
Gripper 
sensors 
Solenoid 
valves CCO Camera 
Rack and Pinion 
Linear slide 
"Stal:ion,,'} gripper 1 
Figure 4.2: The System Configuration of the Material Handling System 
91 
Chapter 4 Intelligent Handling System 
The system actuators and sensors were interfaced to the computer via two cards that 
were slotted into the computer ISA and PCI host bus. One of the cards was the 
interface card to control the movement of the material handling mechanism. The card 
consists of Intel 8255 programmable peripheral interface (PIA). This PIA had three 
ports, port A, Band C, which were configured as port A was input, and ports Band C 
were outputs. The detailed specifications for this card and other components of the 
material handling system are shown in section 10.5 of the appendix. 
Four compact proximity switches were connected to the input port A and two 
solenoid actuators were connected to the output ports B of the PIA. The DC-servo 
motor was connected to the interface card via the amplifier through the 12-bit DAC of 
AD7537. The dual track incremental encoder to sense the position of the linear slide 
was connected to HCTL2016 of the interface card. The other interface card was a 
frame grabber card where a CCD camera of the vision system was connected to one 
of the four channels available on the card. These actuators and sensors of the 
system controlled the motion sequence of the material handling system. This 
sequence of motion could be carried out either in manual or in full automatic 
computer control. 
In order to avoid a bottleneck the speed of this operation must be relatively fast 
compared to the cutting speed of the laser beam so that the use of laser for the rapid 
prototyping of 2D shapes is feasible. This places heavy demand not only on the 
algorithm structure of machine vision but also onto the motion control. 
4.5 Two-Stage PlO Motion Control of the Material Handling System 
Even though the gripper, which was mounted on the linear slide, was statically 
balanced, disturbance due to the non-linear friction and the adjustment of web 
tension would influence the dynamic performance of this gripper mechanism. It would 
also produce undesirable steady-state position errors. In order to increase the 
dynamic performance and control the position of the gripper precisely. a two-stage 
proportional-plus-integral-plus-derivative (PID) position control was implemented in 
the motion control of the material handling system. The first stage of closed-loop PID 
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position control was used to overcome the disturbance due to friction during the web 
transportation. The second-stage of the PlO control was used to overcome both 
disturbances due to the friction and the web tension force during the tensioning 
operation of the web. 
The PlO controller block diagram in time domain is shown in Figure 4.3, while its 
corresponding time-domain relationship between input e(t) and output u(t) is as 
follows 
u(t) = K pe(t) + K j f~e(t)dt + Kd de(t) dt 
E(s) 
Figure 4.3: Implementation of PlO Block Diagram 
U(s) 
This PlO controller is sometimes also called three-term controller because it contains 
a proportional term Kp, an integral term Ki , and a derivative term Kt . The output u(t) 
is the controller action signal to the actuator and the input e(t) is the actuating error 
signal to the controller. Hence, the PlO controller which has an integrator term is 
implemented to compensate for the effect of steady-state error. Increasing the value 
of Kp reduces this error but at the expense of overshoot. The derivative term in the 
PlO controller is able to influence the transient response by changing the damping 
ratio of the system so that the system will have smaller overshoot. The effect of 
adding an integral term eliminates the steady-state error with slightly increased 
overshoot. This PlO controller was realised digitally in C-Ianguage as well as using 
the WiT image processing software environment. 
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Figure 4.4: Simulink Block Diagram of the Material Handling System 
In order to have a good dynamic performance of the material handling system, the 
right value of individual settings for Kp, Ki and Kt was required. The selection of right 
values of PID terms is known as turning the controller, and it may be accomplished 
using many methods. One of the methods uses a manual method but it is time 
consuming and difficult. Another method is using the Ziegler and Nichols method in 
which the PID parameters are determined and computed in a continuos system. In 
the section 10.5 of the appendix, the parameters of the servomechanism of the 
material handling system have been summarised. Since the transfer function of the 
material handling system was known, the second Ziegler and Nichols method were 
used to find the value of Kp in a closed-loop mode in which the system became 
critically stable. The system became critically stable when the root-locus of the 
system passed the imaginary axis of the s-plane. This happened when value of s in 
the closed-loop characteristic equation was equal to jwfor the corresponding value of 
Kp. This value of Kp was required in the second Ziegler and Nichols method because 
it provided the right estimated parameters of controller transfer function in terms of 
the proportional term Kp, integration term Ki, and a derivative term Kd• A simple 
Matlab program and Simulink block diagram had been used to find these values of 
controller parameters and simulated the performance of the system in a continuous 
time domain. The simulink block diagram of the system transfer function is shown in 
Figure 4.4. 
As mentioned earlier, the motion of the linear slide wouldl have two different sets of 
disturbances. This was because the disturbance during the web transportation was 
different from the disturbance during the web tensioning operation. Web tensioning 
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operation would exert more external force to the fabric gripper which led to higher 
disturbance torques. Therefore, two sets of parameter values were evaluated for 
transporting the web and for tensioning the web respectively. Based on these two 
sets of parameter values as well as sampling time T, the control action had been 
programmed in the form of a digital control algorithm. In order to implement the 
controller transfer function in the digital computer of the material handling system, 
finite-difference approximations were used to approximate the terms of the PlO 
controller. By using a similar approach to Van Oe Vegte (Van Oe Vegte 1986) the 
backward-difference of the derivative and trapezoidal integration of integral in the PlO 
time domain above were employed. The finite-different approximation of the position 
PlO control algorithm are rewritten as follows 
U k = U k -1 + Ae k - Be k -1 + Ce k - 2 
where 
A = K + KiT +.!.L 
p 2 T 
B = K + 2 K d _ KiT 
p T 2 
C = K d 
T 
The notations, ek = e(kT) and Uk = u(kT), denote the variables at time t = kT where 
k=O,1,2, ..... , represents the sequence of the digital signal. 
Based on the simulation results, the value of the control parameters were then 
manually fine-tuned in the actual implementation of the closed-loop motion control of 
the material handling system. The need to manually further fine-tune the controller 
parameters was due to the fact that the nonlinear behaviour of tensioning torque and 
friction torque, which were inherent in the system, were difficult to predict. 
4.6 The Machine Vision 
Machine vision has been defined as the use of devices for optical noncontact sensing 
to automatically receive and interpret an image of a real scene in order to obtain 
information and/or control machines or processes (Zuech 1989). There are three 
main areas in machine vision. These are image acquisition, image processing and 
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pattern recognition. Image acquisition transforms the visual image of a physical 
object in to a set of digitised data which can be used by the image processing 
techniques. These include lighting arrangement, image formation and focusing, and 
image detection. The image processing deals mainly with the operations on images 
which aim to improve their quality or to emphasis features of particular importance 
and relevance. Pattern recognition is concerned with the identification or 
interpretation of the images after being processed. It aims to extract information at 
high level and about what the image is intended to convey (Galbiati 1990). 
Hence, vision system consists of all the elements necessary to obtain a digital 
representation of a visual image, to analyse the image data, and to present the digital 
image data to the external world. The vision system used in the laser-cutting machine 
consists of hardware, software and lighting system. 
4.6.1 The Hardware 
The hardware components of the vision system are an area scan camera, a frame 
grabber, a host computer and a monitor to display the image. 
The function of a camera in a vision system is similar to that of human eye. It is the 
front end of the vision system and it is compulsory for an on-line image acquisition. 
There are two types of camera which are normally used in a vision system. They are 
the area scan camera and the line scan camera. The use of a line scan-camera 
requires either the camera or the web fabric to be moved during the scanning 
process. In other words, during the scanning process, it must be a relative movement 
between the line-scan camera and the web fabric. Even though it permits a relatively 
higher resolution at a lower cost, the use of line-scan camera requires an additional 
sequence of movement for scanning the web fabric. On the other hand, the use of an 
area scan camera enables the lace image to be acquired while both the lace and the 
camera are in a stationary position. This will reduce the time taken for the scanning 
process, therefore making the acquisition of web image faster and more effective. 
Moreover, the depth of focus for the vision system can be larger when the image 
acquired is stationary. Hence, in the development of the test-rig for the intelligent 
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material handling system, a PULNIX TM500 CCD area scan camera was available 
and suited to the task. The camera was an interlaced area scan camera with a 
resolution of 768x568 pixels. A frame grabber was required to digitise the analogue 
image from the camera into a digital format. In the final design of the test-rig, a Viper-
Quad frame grabber for a single slot PCI bus was used. The frame grabber could 
acquire images from four independent cameras. These four acquisition channels 
digitise incoming analogue signal at 40MHz per channel, are very useful for the 
acquisition of images at different parts of a large shape of cutting pattern as well as 
for vision control of the web handling system at various part of the large web fabric. 
Apart from the camera and the frame grabber, a dual processor 400MHz Pentium 11 
computer was used as the host computer of the vision system and a monitor for 
displaying the web images. 
4.6.2 The Software 
The system software consists of the WiT image processing library, Microsoft visual C 
compiler and the developed pattern recognition algorithm. 
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Figure 4_5: An Example of WiT Igraph of the Image Processing Software 
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Besides a Microsoft C-compiler, this PC-based vision system was supported by a 
WiT image processing library. The WiT image processing library consists of built-in 
operators which provide a powerful toolset for image processing and pattern 
recognition. Additional image analysis operators and control system operators were 
built via Microsoft Visual C, which created a dynamic link library so that the 
corresponding operators were available in WiT environment. These image operators 
were used to form an WiT Igraph of the image analyse algorithm. An example of this 
Igraph block diagram to acquire images and perform a simple template matching 
technique is shown in Figure 4.5. 
4.7 Image Acquisition 
In general, image acquisition transforms the visual image of a physical object and its 
instrinsic characteristics into a set of digitised data which can be used by the 
processing unit of the vision system (Galbiati 1990). This includes the lighting 
approaches, image formation and image focussing. The manner in which an image of 
web fabric is acquired is very important so that the vision system can process and 
recognise the image accurately before making a reliable decision. 
4.7.1 Lighting Approach 
Lighting plays an important role in a machine vision and has a great impact on the 
system repeatability, reliability, and accuracy. A good lighting system can accentuate 
the key features on an object and result in sharp, high-contrast detail (Galbiati 1990). 
Therefore, no matter how good the image processing and pattern recognition 
algorithm are, a low image quality will produce inaccurate image interpretation. 
Several methods of dedicated lighting arrangements are available for various 
applications of machine vision. These include back lighting, front lighting, side lighting 
and strobe lighting. Due to the fact that the profile edge of the lace pattern was 
important, backlighting arrangement was the most suitable lighting for the imaging 
approach of the web lace fabric. In this approach the web fabric was located between 
the light source and the camera as illustrated in Figure 4.6. The result of this lighting 
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approach was the creation of a silhouette of the web pattern by the light not 
intercepted by the opaque macrostructure of the lace fabric. The high-contrast image 
produced by back lighting reduced the sensitivity of the system to the secondary 
source of illumination such as ambient lighting or/and the reflection of primary source 
illumination from the web fabric. Therefore the use of backlighting not only produced 
a high contrast image but also minimised the source of illumination variations. 
Frosted Perspex was placed over the light source to produce a diffuse illumination 
area of 300mm x150mm. A U-shaped fluorescent tube, OSRAM 24 Watts 
(Germany), with a special phosphor coating on the inside wall of the tube was used 
to produce a white light source. In order to provide a large and even area of 
illumination a dedicated spherical shape lighting box in which a reflective material 
was attached to the inner wall of the lighting box. The fluorescent light, which 
operated at 500 Hz, generates more stable light with less flickering. 
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Figure 4.6: Lighting Arrangement of the Material Handling System 
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4.7.2 Image Formation and Focussing 
During the image acquisition, the image of the lace web was focussed on the sensing 
element of the camera with the use of a focussing lens. The visual image that formed 
on the sensor elements of the camera was converted into an electrical signal before 
being transformed into a digital image. There are several imaging parameters 
associated with optical lens of the vision system that of important during the 
acquisition of the web image. This is to ensure that the formation of web image on 
the sensor elements of the camera adapts to the requirement of material handling 
application. The image parameters that require special consideration are the field of 
view, the depth of field and the magnification of the camera. The optics associated 
with these lens parameters will be reviewed briefly in this section to provide a basis 
for the application of vision system to the laser-cutting machine. 
Magnification is a measure of the relative physical size of the web to the size of the 
web image formed on the sensor located at the detector plane in the camera. It is a 
function of both the focal length and the working distance of the vision system. The 
higher the magnification, the shorter the focal length of the objective and/or the 
shorter the working distance. In general, the focal length of a lens is constant but the 
working distance could change due to vibration or other factors related to the material 
handling of web. Therefore, unstable magnification of the web image can contribute 
to the error in analysis of the web image and lead to unreliable vision decision. This 
error becomes very significant for a large magnitude of magnification. 
The depth of field is the space above and below the cutting plane where the lens 
maintains the focus of the web image within acceptable limits. It is of concern when 
the pOint of interest in the web fabric is not located at the cutting plane due to web 
wrinkle and waviness. In order to accommodate this effect, the aperture size of the 
camera must be adjusted. Aperture size has two effects in the vision system. A 
smaller aperture of the lens opening will result in a greater depth of field and a lower 
amount of light transmitted to the camera sensor. Therefore a longer exposure time 
is required to get enough light transmitted to the sensors. This does not pose a 
problem to the vision system of the laser-cutting machine since the web image is 
acquired by the area scan camera in a static condition and not in the moving 
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condition. This enables ample light to be transmitted to the camera sensor. As a 
result, the vision system can have a greater depth of field even by using a smaller 
aperture opening. 
The field of view is defined as the area which is viewed by a camera at the focussed 
distance. This imaging parameter is a significant parameter as it affects the 
resolution of the web image. The 2D-cutting shape of the web fabric should occupy 
as much of the field of view as possible to get the benefit from the resolution 
properties of the sensor and from the computing speed of the associated processor. 
However, the field of view must give some allowance so that it can handle web 
deformation and distortion due to material handling operation. This includes position, 
alignment and elongation deformations of the web fabric itself during the image 
acquisition. These deformations occur when the web is drifted, rotated or stressed 
due to transport forces of the material handling system. The field of view could be 
adjusted by changing the distance between the camera and the web fabric. This 
distance between the camera and the web fabric is also known as the working 
distance of the vision system. In order to get a larger field of view, the vision system 
must have a greater working distance. Similarly, to get a smaller field of view, the 
vision system needs a smaller working distance. Alternatively, the field of view could 
be changed by using a different focal length. In this approach, the use of a longer 
focal length would result in a smaller field of view. The shorter focal length would give 
a larger field of view. 
The field of view for the laser-cutting machine was determined from the required 
cutting accuracy of the laser beam and not from the accuracy of the fabric motion. 
This implied that the best cutting accuracy would be determined by the size of the 
smallest detail that the vision could detect. This in turn was factored into the number 
of resolvable elements in the camera sensor. In the vision of the material handling 
system, the required cutting accuracy was 0.5 mm. The sensor could resolve the 
scene into 768 x 576 pixels with the maximum field of view was 173 x 130 mm. 
Consequently, the smallest detail could be detected was 0.23 x 0.23 mm. 
Significantly, sampling theory suggests that reliable detection requires at least twice 
the sample of the phenomenon, that is a minimum of two samples. Therefore, the 
ideal accuracy of the system was 0.46mm in the maximum field of view 173mm x 130 
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or less. This accuracy was better that the required accuracy which was 0.5 mm. This 
implied that in order to have a reliable accuracy of cutting system, the accuracy of the 
cutting shape should cover a minimum area of 2 x 2 pixels. For a 768 x 576 pixel 
array of the sensor, the best accuracy of the system could detect was 4/442,368, or 
0.0009%, of the field of view. This accuracy could be achieved if the detail of the 
image had a sufficient contrast. In addition to that the required resolution for the 
position of the moving gripper must be higher than that of the resolution of the web 
image. In this case the accuracy for the moving gripper was 0.015 mm, which was 
higher than that of the web image. This was to ensure that the web fabric could be 
placed on the cutting table with the required accuracy of the image analysis. 
4.8 Errors In Handling of Non-Rigid Web Materials 
Field of view 
~+-Background 
Lace web 
Figure 4.7: Web Fabric in a relaxed Condition under Field of View of Camera 
As mentioned earlier, one of the functions of the material handling system is to 
transport a portion of the web fabric onto the cutting table. This portion of the web is 
the part where the two-dimensional cutting shape is located and needs to be cut. 
This portion of web must be transported to within the field of view of the vision 
system. Ideally, the web fabric should be transported and placed right at the centre of 
the camera field of view as shown in Figure 4.7. This ideal location and orientation of 
web fabric in which it is within the camera field of view will facilitate a better accuracy 
of the pattern recognition. This is because the less distorted web fabric within the 
field of view will enable the pattern recognition technique to recognise the pattern 
more accurately. 
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However, due to the transport force, friction caused by the jaw of the passive 
stationery gripper or web entanglement, the web fabric is not always transported as 
expected to within the ideal location. Furthermore, the nature of lace-web fabric 
which is soft, flexible and non-rigid may also cause the web to deform and distort 
during the web handling operation. Several types of deformation and error can 
happen in the material handling operation of the web fabric. The first type of error in 
the material handling is error in position. The web is drifted either extremely to the 
right or to the left of the camera field of view. This type of handling error is depicted in 
Figure 4.8 (a) where the web is translated to the right with some magnitude in the x-
direction. If the translation magnitude is large enough, the web will not be in the field 
of view. The second error of material handling happens when the web is rotated 
exceeding the allowable rotational angle. This error of orientation or alignment is 
depicted in Figure 4.8 (b). The third type of error in the material handling occurs 
when excessive tension is applied to the web. As a result the web will elongate 
beyond the allowable limits and the two-dimensional shape of cutting pattern is no 
longer within the camera field of view. This excessive web tension may also cause 
plastic deformation. This type of error is web tension error and it is shown in Figure 
4.8 (c). However a slight web elongation or stretch is desirable in order to eliminate 
the wrinkle and optimise the use of laser power. The fourth type of error in the 
material handling is error due to shear stress in the web fabric as shown in Figure 4.8 
(d). The existence of shear stress occurs when part of the web is slipped from the 
gripper during the tensioning operation of the web and it leads to skew deformation. 
The fifth type of error is the error due to wrinkle in web fabric and it is depicted in 
Figure 4.8 (e). The sixth type of error happens when the web is entangled as shown 
in Figure 4.8 (f). All these types of errors may also happen concurrently. However, 
errors due to skew deformation and web entanglement seldom happen in the 
material handling operation. 
It is a fact that these errors cannot be totally eliminated during the acquisition of the 
web image. This is simply because the existence of the random errors during the 
image acquisition as well as due to pattern variations of web itself. However, these 
errors can be minimised. Therefore, it is the task of the material handling system to 
manipulate the web fabric in order to reduce these types of errors. The preference is 
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a. Position error b. Orientation error 
c. Tension error d. Skew error 
e. Wrinkle error 
Figure 4.8: Types of Errors in the Material Handling Operation 
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that the web fabric is transported into the camera field of view within the allowable 
tolerance of deformation or error limits. 
Hence, the main tasks of the vision system is to recognise these types of web error 
and to guide the material handling system so that web image is more consistent and 
has less distortion prior to the laser-cutting operation. Apparently, the material 
handling operations must be performed first in order to prepare a web fabric in such a 
way that it is in the correct condition for the pattern recognition of the web fabric. 
This includes minimum web distortion, no wrinkle and less remains after the cutting. 
It is obvious that to prepare the web fabric to achieve this condition a vision assisted 
material handling operations is required. 
4.9 Vision Assisted Web Lace Handling System 
The incorporation of machine vision into the web handling system enabled a vision-
decision to be made on-line during the sequence of material handling operation. The 
vision system recognised a particular feature of lace material to be handled prior to 
making any decision. The ability of a machine-vision system to use two-dimensional 
images with important feature detection was achieved by providing guidance and 
monitoring to the material handling operation. There were three operations that need 
machine vision to monitor and make a decision in the handling operation. These 
were the control of web tension, the adjustment of web alignment and the adjustment 
of web position. 
Basically, the tension of the web was controlled indirectly by controlling the 
elongation of the web. The elongation of the web in the y-direction is simply the 
difference between the length of pattern repeat under tension and the length of 
pattern repeat under the relax condition. Similarly, the alignment and the position of 
web under the camera field of view can be determined by the rotational angle and the 
translation magnitude of the web, respectively. The image analysis and the method in 
which these three parameters being calibrated and determined will be discussed in 
detail in the next chapter. Based on the image analysis of the web, the material 
handling system can manipulate the web according to the required tension, 
alignment and position. 
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4.10 Sequence of Material Handling Operations 
BEGIN 
.. 'f!![NITIALlSEWTHE HOMe.posltioNANDtRAN$PORI!', 
I; ,.!THE~EB9NI9TH~,8uri!NGtt-BLE:, 
~ 
1:\ DOCI ==~> I ACOUIRE THE WEB IMAGE I 
! yes ..0, k nl~· MANIPULATE)THEWEBBASEPONIMAGEANi\LYSIS? 
{7 no 
RECOGNISE THE CUTIING PATIERN 
EXTRACI THE CUTIING PATH 
COMPUTE THE TRAJECTORY PLANNING 
ACTIVATE THE LASER SCANNER DRIVE 
TO PERFORM THE CUTIING PROCESS 
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Figure 4.9: Overall Sequence of the Laser Cutting Machine 
The material handling system of a laser-cutting machine must be able to deal with a 
series of well-defined operations that were performed on a particular part of a web to 
produce a finished cutting piece. These operations must be performed in a specified 
sequence or sometimes perhaps they may be completed in a combination of 
sequences. To be able to take advantage of the machine vision, it is necessary to 
look into at the required handling operations that were used in the cutting of the lace 
web fabric. The material handling operation must be designed around these 
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sequences of operations. It is also important to understand how this particular 
material handling system would work in conjunction with the motion controller of the 
servo drives. 
Basically, the laser-cutting machine needs to perform three main tasks which are the 
material handling operation, pattern recognition, and trajectory planning followed by 
the cutting operation. Figure 4.9 illustrates the flowchart for the overall sequence of 
the machine operations. Although the overall sequence of the machine operations is 
straightforward, there are clearly many sub-sequence activities associated with the 
actual implementation of each sequence of operation. Apparently, three of these 
sequences are directly related to the material handling system. These are 
• Initialise the home position and transport the web onto the cutting table 
• Manipulate the lace-web for the adjustment of distortion parameters 
• Transport the next portion of lace-web onto the cutting table 
Position DPo~ion Position Position 
>-IOME B C 
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Figure 4.10: Plan View of the Material Handling System 
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Stationary gripper 1 
Moving gripper 2 
Moving gripper 2 
(a) Position HOME (b) Position A 
Moving gripper 2 
Moving gripper 2 Stationary gripper 
gripper 1 
(a) Position B (b) Position C 
Figure 4.11: Four Different Positions of Moving Gripper for Web Handling Operations 
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In order to describe these sequences of material handling operations, Figure 4.10 
depicts the plan view of the material handling system. Figure 4.11 illustrates the 
position of the moving gripper at four different positions along the linear slide, 
Position HOME, Position A, Position B and Position C. These four main positions of 
the moving gripper were used in the sequence of the material handling operations 
that will be explained in the next section. The accompanying CD in Appendix 10.8 
shows the video of the material handling system. 
4.10.1 Initialisation and Transportation of the Lace-Web onto the Cutting Table 
, . .. , ... 
' .. 
... • c, 
Sequenge " u.Actuator ".' I "Sensor " i. Descrip!ion .",> Action Recognition 
, .... .. , . .. 
Solenoid valve Proximity switch Open the jaw of the gripper 2 
1 of gripper 2 recognises the gripper 2 and move it to the home 
and DC-motor jaw is in open position position, position HOME. 
are activated 
Solenoid valve Proximity switch Grasp the end of the web 
2 of gripper 2 is recognises the gripper 2 fabrics by closing the jaw of 
deactivated iaw is in closed position the gripper 2 
Solenoid valve Proximity switch 
3 of gripper 1 is recognises the gripper 1 Open the jaw of the gripper 1 
activated jaw is in open position 
DC-motor is As sequence 3 above Move the gripper 2 to the 
4 activated position C and lock the 
Qripper at that position 
5 Solenoid valve Proximity switch 
of gripper 1 is recognises the gripper 1 Close the jaw of the gripper 1 
deactivated iaw is in closed position 
6 As sequence Machine vision Acquire and analyse the web 
2, 4 and 5 determines the web image 
above distortion parameters 
Table 4.1: Sequence of Material Handling Operation after the Initialisation 
Prior to commencing the material handling operation, it was necessary to initialise the 
home position of the gripper which was attached to the linear slide. The position of 
this gripper in terms of encoder reading was relative to this home position. As 
depicted in Figure 4.10 above, the home position of the material handling system 
was defined when the gripper 2 was at the position as sown in Figure 4.11 (a). After 
the home position had been defined, at the beginning of the web handling operation 
the following sequence of operation was used to transport the web onto the cutting 
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table. This sequence of operations is shown in Table 4.1. Image analysis would be 
performed to determine the web distortion parameters and if necessary the web 
would be manipulated in such a way that the distortion parameters were within the 
acceptable limits. 
4.10.2 Manipulation of Lace-Web for Adjustment of Deformation Parameters 
Set the acceptable parameters 
Jib" '131 w~B\j~(Jiih,a~:g~, ,,;Y' 
"'F'Detem,ine the :defo~'atioi1' 'pa:r~ete~~ 
<iLL' ... w~ ab~lJlr<iaw.B"im.gij. 
Yes 
Figure 4.12: Flowchart for the Web Manipulation Based on Vision Decision 
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The results of the image analysis determined the sequence of web manipulation. 
Figure 4.12 depicts the flowchart to determine the sequence of web manipulation 
based on the vision decision. The material handling system performed this sequence 
of web manipulation so that the web distortion parameters were within the control 
limits. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
Solenoid valve 
of gripper 2 is 
activated 
DC-motor is 
activated 
Solenoid valve 
of gripper 2 is 
deactivated 
Solenoid valve 
of gripper 1 is 
activated 
DC-motor is 
Proximity switch 
recognises the gripper 2 
iaw is in open position 
As sequence 1 above 
Proximity switch 
recognises the gripper 2 
jaw is in closed position 
Proximity switch 
recognises the gripper 1 
iaw is in open position 
activated As sequence 3 and 4 
Solenoid valve 
of gripper 1 is 
deactivated 
As sequence 
1,2,3,4,5 & 6 
Solenoid valve 
of gripper 2 is 
deactivated 
DC-motor is 
activated 
Solenoid valve 
of gripper 1 is 
deactivated 
As sequence 
8, 9 and 10 
above 
Proximity switch 
recognises the gripper 1 
jaw is in closed position 
As sequence 1,2,3,4,5 & 
6 
Proximity switch 
recognises the gripper 2 
iaw is in closed position 
As sequence 3 above 
Proximity switch 
recognises the gripper 1 
jaw is in open position 
Machine vision 
determines the web 
distortion parameters 
Open the jaw of the gripper 2 
Move the gripper 2 to the 
position B 
Grasp the web fabrics by 
closing the jaw of the gripper 
2 
Open the jaw of the gripper 1 
Transport the web in the 
reversed direction by moving 
the gripper 2 to the position A 
Close the jaw of the gripper 1 
Repeat the above sequence 
until the end of uncut web is 
at the position A 
Grasp the web fabrics by 
closing the jaw of the gripper 
2 
Move the gripper 2 to the 
position C and lock the 
gripper at that position 
Close the jaw of the gripper 1 
Acquire and analyse the web 
image 
Table 4.2: Sequence of Operations for Alignment and Position Adjustments 
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There were three web distortion parameters that must be within the acceptable limits 
prior to the cutting process of the lace. These three web distortion parameters were 
web alignment, web position and web tension. In order to adjust the alignment and 
the position of the web. It was assumed that the web feeder mechanism at the home 
position always provides the lace approximately at the center of the field of view 
along the x-axis. In addition to that, it was assumed that the gravity force or other 
mechanism would pull the lace in the reversed direction. The sequence of operation 
in Table 4.2 was employed to readjust both the alignment and position of the web. 
The tension of the web was approximately proportional to the elongation of the web. 
Therefore to control the tension by using the machine vision, it was necessary 
indirectly to control the elongation of the web. Based on the analysis of the web 
image data the material handling system would readjust the elongation of the web in 
the y-direction until the web elongation was within the acceptable lower and upper 
limits. The sequence in which the material handling system would operate in order to 
adjust the tension of the web in such a way so that it was within the limit is outlined 
below. 
• To increase the elongation 
move the second gripper toward to right of position C 
• To decrease the elongation 
move the second gripper toward to left of position C 
• Acquire and analyse the web image 
• Repeat the above sequence until the web elongation falls within the 
acceptable limit 
The tension in the web was increased or decreased intermittently by adjusting the 
direction of motion the second gripper by an increment of 300 encoder counts. This 
was equivalent to a 5.656mm linear movement of the second gripper. Tensioning the 
web was the last operation of the web manipulation before the machine vision 
recognised the cutting pattern and extracted the cutting path. This would be followed 
by the computation of trajectory planning for steering the laser beam according the 
cutting path profile. 
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4.10.3 Transportation for the Next Portion of Lace-Web onto the Cutting Table 
In what follows, the flow sequence of motion that was required in the transportation 
for the next portion of lace-web onto the cutting table. This sequence was performed 
after the cutting pattern had been cut. The sequence of operation can be 
summarised in Table 4.3. The operation was merely to move the web from the 
position B to the position C so that the web was transported onto the cutting table. 
This sequence of web transportation required machine vision to analyse the image of 
the web at the end of the sequence. Based on the image analysis, the web would be 
further manipulated and adjusted so that the web distortion parameters were within 
the control limits. 
1 
2 gripper 2 to the 
Solenoid valve Proximity switch 
3 of gripper 2 is recognises the gripper G rasp the web fabrics by 
deactivated 2 jaw is in closed closing the jaw of the gripper 2 
Solenoid 
4 of gripper 1 Open the jaw of the gripper 1 
2 to the 
5 activated As sequence 3 above the gripper 
Proximity switch 
6 recognises the gripper Close the jaw of the gripper 1 
sequence 
7 2, 4 and 5 determines the web image 
above distortion 
Table 4.3: Sequence of Operation for Transporting the Next Portion of Lace-
Web onto the Cutting Table 
113 
Chapter 4 Intelligent Handling System 
4.11 Dynamic Performance of the Linear Slide 
A two-stage PID controller had been used to control the linear motion of the second 
gripper. The first stage PID control was to control the gripper motion between any 
two positions of point A, 8 and C. The second stage PID control was to control the 
gripper motion during the tensioning operation of the web. This two-stage PID 
controller had been implemented in C-Ianguage within the WiT image processing 
environment. To transport the web, the second gripper needed to move from position 
8 to position C. A step response of the PI D motion control from position 8 to position 
C had been used. An example of C-code to implement this controller is shown in 
Figure 4.13. The step response analysis between this two position of 8 and Chad 
been carried out. Using mathematical modelling of the slide mechanism, the 
estimated values of the PID controller terms had been simulated using Matlab and 
Simulink program. These values of PID controller term were further fine-tuned 
experimentally. The fine-tuned experimental results of the controller performance are 
shown in Figure 4.14. 
yk=43000; 
tsample=O.OOSl ; 
do 
11 Position C, the required position of gripper 2 in quadrature counts 
11 sampling time in seconds 
a=Kp+(O.S'Ki'tsample)+(kdltsample); 
b=Kp+(2'KdltsampleHO.S'Ki'tsample); 
c=Kdltsample; 
dy=reacLenc(); 11 read the current position of the gripper 2 
ek=yk-dy; 11 find the error 
uk=ukl+(a'ek)-(b'ekl)+(c'ek2); 11 control action to the DAC 
ek2=ekl; 
ekl=ek; 
ukl=uk; 
y_DAC(uk); 11 send the controller action to the DAC 
} 
while (ek>200 11 ek<-200); 11 do the loop until acceptable steady-state error 
Figure 4.13: Part of C-Code to Implement the PlO Controller 
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Figure 4.14: Step Response of the Moving Gripper between position 8 and C 
Figure 4.14 (a) shows the step response between position Band C for several 
different values of Kp while the values of Ki and Kd remained constant. The distance 
between position Band C was 490 mm. The value of Kp was increased from 0.00025 
to 0.25. As expected, increasing the value of Kp reduced the steady state error, but 
however it also increased the overshoot error. In order to eliminate the possibility of 
permanent web deformation, no overshoot was allowable between the motion from 
position B to position C. Hence, step response performance must be critically 
underdamped or slightly overdamped response. In this case the value of Kp equal to 
0.00025 was selected. Further step response analysis was carried out for different 
values Ki while the value of Kp and Ki remained 0.00025 and 0 respectively. The 
steady error was minimised as the value of Ki increased from 0.00001 to 0.00045. 
However, the response had a slight overshoot for the value of Ki equal to 0.00045. 
This effect is shown in Figure 4.14 (b). To ensure no overshoot occurred and the 
system was slightly overdamped, the value of Kp and Ki equal to 0.00025 and 
0.00015 were chosen for further analysis. Increasing the value of Kd led to a large 
value of settling time and ensured no overshoot occurs. This effect of increasing 
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values of Kd for the PlO control of material handling system is shown in Figure 4.14 
(c). The Figure shows the step response for several values of Kd starting form 0 to 
0.000002. Some of the graphs are not smooth due the inherent friction of the linear 
slide. 
The second stage of the PlO control was needed for tensioning the web. The web 
must be elongated by a certain amount in order to eliminate wrinkle and obtain more 
consistent image recognition. It also optimised the use of the laser power. The 
second stage PlO control was needed due to the fact that disturbance due to tension 
force was higher than that of in the disturbance of the first stage PlO control. A 
different set of values for the PlO control terms was necessary to compensate this 
disturbance. Similar to the first stage PID control, the values of the controller terms 
were first evaluated by using the mathematical model of the system and simulation in 
Matlab and Simulink environment. Further fine-tuning of these values of PlO terms 
was done experimentally. The experimental results of the fine-tuning values of the 
PlO controller terms are shown in Figure 4.15. Figure 4.15 (a) shows the step 
response results for the values of Kp from 0.0012 up to 0.25 while the value of Ki and 
Kd were o. The magnitude of the step response was 1000 quatradure counts which 
was equivalent to 18.852 mm. As expected, the higher value of Kp decreased the 
amount of the steady-state error but increased the amount of the overshoot error. In 
general, the value of proportional gain Kp in the second stage PlO control was higher 
than that of in the first PlO controller. This was due to the fact that the disturbance in 
the second stage of PlO control was higher and therefore required a higher value of 
Kp. The steady-state error could cause inaccurate web tensioning while the 
overshoot error could cause plastic deformation. Hence steady-state error and 
overshoot error must be minimised in order to get an even heated affected zone as 
well as to ensure no plastic deformation occurs. 
The steady-state error in the tensioning operation of the web fabric had been 
minimised by introducing the integral term Ki in the PlO controller. The effect of 
introducing the Ki term from the value of 0 up to 0.015 is shown in Figure 4.15 (b). 
The result indicated that the higher value of Ki would minimise the offset error but it 
also slightly increased the overshoot error. 
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Figure 4.15: Step Response of the Web Tensioning Operation 
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4.12 Web Behaviour Under Tension Force 
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Figure 4.16: Tension Force vs Elongation during Web Tensioning Operation 
It is important to limit the tension force involved during the material handling of the 
elastic web fabric. This is because excessive handling force will cause unnecessary 
larger permanent deformation and will lead to lower stiffness of the elastic web 
material. To illustrate this effect, three different maximum tension forces were applied 
to the web fabric and the results of their elongation, stiffness and plastic deformation 
were plotted in Figure 4.16. The total original length of the web was 320mm and a 
cyclic tension force was applied on the web fabric. The tension force was increased 
progressively until it reached the maximum force and then the force was gradually 
decreased to zero. After that the force was applied gradually again until it reached 
the same maximum force. Similar procedures were also performed on the web fabric 
for the other two maximum tension forces. To illustrate clearly the behaviour of web 
deformation, Figure 4.17 enlarges the web extension between 0 mm and 12.5mm 
during the initial stage of the tensioning operations. Three enlarged graphs were 
drawn separately for clarity. Figure 4.18 (b), (c) and (d) show the images of the web 
under the camera field of view when three maximum tension forces were applied, 
respectively. These images were scaled according to the image of web under relaxed 
condition as shown in Figure 4.18 (a). The results show that a larger maximum force 
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Figure 4.17: Deformation of Web before and after the Tensioning Operations 
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will cause a larger plastic deformation. The occurrence of hysteresis was due to the 
macro structure of knitting lace. The internal friction between the lace fibres caused 
this hysteresis. It is vital to ensure a very minimum tension force involved so that no 
permanent deformation occurs on the very soft and delicate web fabric material. 
However, a very slight stress of the lace-web fabric to eliminate wrinkle is required 
during the image acquisition and also during the cutting process for economic use of 
laser power. 
4.13 Summary 
In this chapter, a fully integrated test-rig for an intelligent handling of nonrigid web 
material has been realised and demonstrated. The sequence of operations for the 
intelligent material handling have been described. The ability to incorporate image 
analysis of the 2D-pattern web in the material handling system enables the sequence 
of the web handling operations based vision decision. Compared to roller 
mechanisms, the two-gripper mechanism working in tandem facilitates the handling 
operation even though the web is no longer continuos. The use of a rack and pinion 
to drive the linear slide provides a compact and cost effective solution for the material 
handling system. 
The actuators and sensors of the handling system were interfaced to the host 
computer and the two-stage PlO controller was implemented to control the motion of 
the gripper. The two-stage PlO control provides an accurate and fast material 
handling operation. The PlO also controller ensures that there was no plastic 
deformation occurring during the handling operation. The experiment to determine 
the mechanical behaviour of the web lace had been carried out. The results of the 
experiment indicate that the tension force involved in the material handling operation 
must be minimised. This is because a higher tension force will cause a larger plastic 
deformation. Furthermore, the tension force of the web can be used to predict the 
disturbance in the PlO control. By controlling the feeding rate of lace web at high 
speed and within the required web deformation limits, the cutting task will be faster 
with a higher accuracy. 
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The incorporation of machine vision coupled with a motion controller will be 
necessary in future web handling of 2D-patterened shapes. The ability to view the 
patterned shapes the way human beings do is the goal of machine vision in this 
research. It is important to note that the ability to recognise the important features 
along the edge of the web and how the vision decision deals with the two-stage PID 
control of handling operation are the key issues in this intelligent handling of web 
material. 
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CHAPTER FIVE 
PATTERN RECOGNITION FOR THE IDENTIFICATION OF 2D-PATTERNED 
SHAPE CUTTING OF ELASTIC WEB MATERIALS 
5.1 Introduction 
The main focus of this chapter is to describe the image processing technique, the 
feature and the pattern recognition techniques for the laser cutting system. In the 
previous chapter, an intelligent material-handling concept in which machine vision 
has been used to monitor and control the deformation parameters of the web-lace 
fabric was described. In this chapter, the features recognition technique in which the 
calibration features and the web deformation parameters are searched and calibrated 
will be explained. Some important aspects of machine vision related to the 20-
pattern recognition technique to identify the 20-shape cutting of elastic web material 
will also be described. An active template matching technique for recognising the 20-
patterned shape cutting will be proposed. Two techniques, namely the binary 
morphological and the chain-code techniques, for the extraction of the cutting path 
from the 20-patterned shape cuttings will be highlighted. In addition to that, the logic 
behind the algorithms for the identification of 20-patterned shapes and the extraction 
of a cutting path for each shape cutting will be explained and compared. The general 
concept of the automated laser-cutting system will be explained first. 
5.2 Automated Recognition of 2D-Patterned Shapes 
Handling, recognition and cutting of 20-patterned lace are traditionally accomplished 
using manual methods which are time consuming and tedious. Consequently, 
manufacturing lead-time and product cost are increased without adding any real 
value. Moreover, the short-life of fashion design variations in the lace garment 
industry requires the automation of a 20 lace-cutting concept. 
The new approach to automate the lace cutting is based on machine vision combined 
with laser to perform the cutting process. This new approach to the 20 lace cutting 
concept is drastically altering the way the handling, the recognition and the cutting 
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are performed. The applications of machine vision as a noncontact sensor enables 
the handling, recognition and cutting of the 20 lace fabric to be made on-line. Figure 
5.1 shows a diagram for the new concept in which machine vision is applied on-line 
for the feature and the pattern recognition of the 20-shape cuttings. As lace web is 
transported into the cutting area, a portion of the web image is acquired and 
processed by the machine vision. The image acquisition aspect of the machine vision 
has been explained in the previous chapter. The image processing relates to the 
preparation of the acquired image for the image analysis. The image captured by the 
camera needs improvement to reduce noise as well as needing enhancement and 
segmentation for effective image recognition . 
Entry point 
01 the web 
. --------~---.----------------------------------------~ 
Feature 
recognition 
• r.Allhl'lltlnn 
Lace-Web 
Handling system 
MACHINE VISION 
Pattem 
recognition 
& 
Cutting path 
extraction 
® Image Acquisition and Processing 
Figure 5.1: Automated recognition of 2D-patterned shape cutting 
Two important aspects of the image need to be recognised by the machine vision, 
feature recognition and pattern recognition. Several distinct features of the lace web 
must be recognised in order to calibrate and determine the deformation parameters 
of the elastic web. Based on these calibrations, the material handling will readjust the 
deformation of the web so that the web deformation parameters are within the control 
limits. These control limits ensure that the web only distorts within an allowable 
amount for the recognition of the 20-patterned shape cuttings. The sequence in 
which the material handling operates was explained in the previous chapter. These 
web deformation parameters are also required for the further applications in the 
pattern recognition of the 20-shape cutting. The purpose of pattern recognition is to 
identify the 20-shape cutting of the elastic lace web. The recognition of the 20-
shape cuttings is essential in order to accurately extract the cutting paths of a 20-
shape. The control limits of cutting paths determine the allowable amount of 
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variations in the parameters of the 20-shape cutting such as the location of centroid, 
the length of perimeter and the enclosed area of the cutting path. These parameters 
of cutting shapes must be within the control limits before the laser manipulator 
performs the cutting process. If these parameters are not within the control limits, the 
material handling will readjust the deformation of the lace web located under the 
camera's field of view. 
5.3 Distortion of 2D-Patterned Shape Cuttings 
For the identification of 20-patterned shape cuttings, the pattern recognition 
techniques must accommodate pattern distortion and pattern variation of the nonrigid 
web material. Pattern distortion is mainly due to the transport force and also due to 
the handling operation of the lace that causes the web to disfigure and deform. 
Consequently, the image of the nonrigid web material may vary in its location, 
orientation, elongation, and skew angle. Section 4.8 of the previous chapter clearly 
depicted these types of web distortions. All these types of image distortions do not 
deform exactly in a linear deformation due to macrostructure of the lace pattern and 
the deformation not being homogenous throughout the entire web. In other words, 
the lace web fabric does not obey Hook's Law during the mechanical deformation 
process due to transport force or web tension control. Beside web deformation, it is 
worth mentioning again that even though the pattern of the lace web fabric looks 
similar, they are not exactly identical. In reality these patterns may vary slightly. This 
pattern variation or geometrical variation mainly occurs during the knitting process of 
the lace fabric. 
Hence, the developed pattern recognition techniques in this thesis are an attempt to 
accommodate these types of pattern distortions and/or variations so that the 20-
patterned shape cutting can be effectively identified and then its unique cutting path 
profiles can be extracted from each piece of the 2D-shape cutting. 
5.4 Image Processing and Recognition for 2D-Shape Cuttings 
A vision system that can accommodate these types of lace-web distortion and 
pattern variation has been developed in this project, and the overall algorithm of a 
computer program for the vision system is shown in Figure 5.2. 
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The developed computer programs were written in Microsoft Visual C and they are 
supported by WiT image processing library and operators. The computer program 
was divided into 5 main tasks which are as follows: 
1. Acquire and store the reference images 
2. Image processing 
3. Feature recognition and calibration of web deformation parameters 
4. Active 2D-Pattern Recognition 
5. Extraction of the cutting path profile 
The task to store the several reference images was carried out only once at the initial 
stage of the pattern recognition process. All the other four tasks referred to these 
reference images in the process to recognise the pattern. Although the sequence of 
the tasks above is straight forward, there were many subtask activities associated 
with the actual implementation of the image recognition techniques particularly in the 
calibration of web deformation, in the active template matching and in the extraction 
of the cutting path profile. In order to provide a clear understanding of the image 
processing involved only one particular pattern of web image is shown in the further 
analysis of the pattern recognition techniques. This does not reflect the inflexibility of 
the pattern recognition techniques. 
5.4.1 The reference images 
At the beginning of the pattern recognition technique, three reference images were 
stored in the computer memory. These th ree reference images were, 
1. image of background 
2. entire image of the web pattern with the background as shown in 
Figure 5.3 (a) 
3. image of the master template and its cutting path profile as shown 
in Figure 5.3 (b) or (c) 
The first reference image was the image of background or the image of the cutting 
table without the lace web. This image was required in order to provide a reference 
image for the noise reduction. The second reference image was the entire image of 
web fabric which included the calibration features and it also had to be stored in the 
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computer memory. The third reference image, the image of the master template, was 
needed in the template matching operation of the pattern recognition techniques. 
This master template image was acquired from the previously stored second 
reference image, the entire image of web fabric. The cutting path profile associated 
with the image of the master template was required in the extraction of the cutting 
path profile of the inspected image at the later sequence stage of the pattern 
. recognition. In order to effectively recognise the pattern, images of undistorted web 
fabric were used as all the reference images above. In addition to that the reference 
images had to be aligned longitudinally to avoid geometrical distortion during 
calibrating procedures. 
profile 
(a) (b) 
a. Entire image of the web pattern with the background 
b. Image of the master template and its cutting path for large cutting pattern 
c. Image of the master template and its cutting path for motif 
Figure 5.3: Reference Images of Template Matching Technique 
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5.4.2 Image Processing 
Like any other signal-processing medium, vision systems contain noise. Some of this 
noise is systematic and comes from dirty lenses, faulty electronic components, and 
defective memory chips. Other noises are random and are caused by environmental 
effects or bad lighting. The net effect is a corrupted image that needs to be pre-
processed in order to reduce or eliminate the noise. In addition, sometimes images 
are not of good quality, due to both hardware and software inadequacies; thus they 
have to be processed and improved before other analyses can be performed on 
them. In short, the objective of image processing is to process the image so that the 
result is more suitable for the searching of the calibration features and for the 
matching of the active template technique and then for the extraction of the cutting 
path profile. The flowchart for the image processing is shown in Figure 5.4. 
Flat-field 
correction 
Low pass 
filter 
Adaptive 
threshold 
Figure 5.4: Flowchart for Image Processing Techniques 
In order to reduce some of the noise components, especially due to uneven 
distribution of lighting on the inspection area, a flat-field correction operation was 
applied. In this operation, the newly acquired web image was subtracted on a point 
by point basis, with the previously stored background image. The difference between 
these two images can be expressed as 
G(x,y)=k[f(x,y)-h(x,y)] 
The function f(x,y) is the newly acquired web image and h(x,y) is the reference 
background image. Function k is a non linear function where in this case it is the 
absolute value of the difference. 
Random speckles in the lace-fabric image can also be considered as noise and are 
high frequency components since the pixel values of adjacent pixels change very 
rapidly. This noise may come from electric components or dust and dirt on the cutting 
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table. Therefore, to eliminate the noise due to random speckles in the lace-fabric 
image, a low pass filter was implemented after the flat-flied correction operation. The 
use of low pass-filter would smoothen the image. 
Thresholding is one of the most important approaches to make image segmentation 
more robust to variations in the scene. An adaptive threshold value for each newly 
acquired image was needed to achieve this robustness. The thresholding value 
based on the average value of the gray scales in its histogram was employed. An 
example of the histogram before the threshold operation for the reference image of 
Figure 5.3 (a) is shown in Figure 5.5. By using this average gray scale value the 
resulting binary image after the thresholding operation was more consistent. Hence, 
the end result of the thresholding operation segmented the lace fabric from the 
background image. 
The final result of the image after the above-mentioned image processing operations 
was a binary image that was more stable in the presence of various noise sources. 
Examples of this binary image and its complementary image are shown in Figure 5.6 
(a) and (b) respectively. Figure 5.6 (c) shows the image of motif without using a low 
pass filter, which contains some noise. Figure 5.4 (d) depicts a smoother and less 
noisy motif image after using a low pass filter. Based on this binary image, which had 
been pre-processed, the calibration of the web deformation parameters, the template 
matching operation and the cutting path profile extraction were performed. 
"'i"'" I '.: """" "'W~ ";'/'i';;;'3'~;" 
//minloon "":::,/1';, 200:l[i", 
'pixelValue 
Figure 5.5: Histogram of the Reference Image of Figure 5.3 (a) 
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a. Image of reference lace-web b. The complement image of the web 
(c) Motif image without lowpass filter (d) Motif image with lowpass filter 
Figure 5.6: Lace Images after the Image Enhancement and Segmentation 
5.4.3 Feature Recognition and Calibration Procedures 
It is necessary to recognise a few features of the patterned web image for the 
calibration of the web deformation. Almost all breadths of lace web consist of 
repetitive pattern. Both edges of the lace breadths also contain repetitive features 
similar to the lace pattern. The features along the edges of the breadth are used for 
calibrating the web deformation parameters. The material handling system will 
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depend on these deformation parameters for determining the sequence of web 
transportation and manipulation. 
In order to determine the parameters of web deformation, a special developed 
algorithm searched a few distinct features on the web patterns. These distinct 
features were either the minimum or maximum x-coordinate value at the both edges 
of the web breadth. Some of these distinct features are depicted in Figure 5.7 (a) and 
(b), where the web is under a relaxed and stretched condition respectively. An 
example of C-Ianguage implementation to perform the search for the first maximum 
value at the left hand side of the edge of web image is shown in Figure 5.S. To 
recognise this feature, the algorithm searched the x-coordinate value representing 
the left edge of the web for every horizontal line of the image. The search started 
from the top line until the last bottom line. Every new x-coordinate of the web edge 
for each line was compared with the previous maximum value of x-coordinate until 
the final maximum value of x-coordinate was found. Then, this the maximum value 
x-coordinate, its corresponding value of y-coordinate was determined. This final 
value of the x and y-coordinates were the position for the first calibration feature of 
the web image. Similar algorithm can also be used to determine other distinct 
features along the edge of the web lace. 
Left edge Right edge 
Calibration feature 
L~lreflmln. YXRrefl 
Calibration 
feature 
(XRnewmln, 
YXRnewmln) 
repeat 
/3 
(a) Reference web Image (b) Acquired web Image 
Calibration 
feature 
(XYRnew, 
YRnew) 
Figure 5.7: Features on the Image of Web Pattern for Calibration Procedures 
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11 C-program for the feature recognition of the acquired web image- Operator TCalibrate 
CorOpRtn TCalibrate(Corlmage "in, CorlntVector "XVectorOut, CorlntVector "YVectorOut, float "SkewOut, Int 
"RotateCut) 
IP = ( uchar" ) CorObLmdData(ln); 
IW = CorObJ_wldth(ln); 
IH = CorObLhelght(ln); 
Elongy =80; 
Pattem_repeat=325; 
XLnewmax=O; 
11 Assign the Image pointer to the start of the Image 
11 Set the width of the Image 
11 Set the height of the Image 
11 Maximum allowable elongation (plxels) In y-axis 
11 Length (pixels) of the repeat master pattem 
11 Initial condition for feature on the left edge (maximum) 
11 Search the maximum features at the left edge of acquired image 
for (y=O;y<IH;y++) 
{ 
x=O; 
PixeLValue = "(IP+IW"y + x); 
If (Plxel_Value < 255) 
{ 
do 
{ 
x = x + 1; 
11 Start form the first line at the top of the Image 
11 until the last line at the bottom of the Image 
PixeL Value = "(IP+IW"y + x) ; 
If (x >= IW) Plxel_Value=255; 
) 
while (PlxeLValue < 255); 
If ( x>=XLnewmax) 11 Record the maximum value of the feature 
( 
XLnewmax=x; 
YXLnewmax=y; 
) 
11 Set the initial y-coordinate of the second feature at the left side of web, YLnew. 
YLnew= YXLnewmax + pattern_repeat: 
if (yLnew > IH) YLnew = YXLnewmax - pattem_repeat ; 
y = YLnew - (Elongy/2); 
if (y<=O) y=O; 
iter_stop=YLnew + Elongy; 
if (ite,-stop>IH) ite,-stop=IH; 
YLnew=y; 
XYLnew=O; 
11 Set the minimum search range of the y-coordinate 
11 Set the maximum search range of the y-coordinate 
11 Set the initial search range 
llfind the exact YLref and XYLref of the aquired web pattem 
for(y=YLnew;y<iter_stop;y++) 
( 
if ( x>=XYLnew ) 
( 
XYLnew=x; 
YLnew=y; 
) 
11 Same as the above for loop 
11 Record the maximum value of the feature 
Figure 5.8: Pseudocode for Feature Recognition at the Left Edge of Web 
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After finding the first maximum value at the left edge of the web image, the computer 
algorithm searched a second value of maximum at the same edge for the next 
repeated pattern of the web image. This second search of the distinct features was 
carried out within an allowable elongation range of the web material before 
permanent deformation occurred. Similar to the previous search, the algorithm 
examined this second maximum feature at the left edge of acquired web image. A 
prior knowledge of repetitive length and the amount of allowable web elongation 
facilitated the search for this second distinct feature as illustrated in the pseudocode. 
During the web transportation onto the cutting table, error in the material handling 
caused the web to deform. It was necessary to calibrate the parameters of web 
deformation according to rotation, translation, skew and elongation of the acquired 
web image. The first two calibration parameters that were computed were the angle 
of rotational and the magnitude of translation of the inspected web fabric. 
In order to know the amount of misalignment between the reference and acquired 
web images, the orientation of both these web images had to be evaluated. Based on 
the calibration features, the angles of the reference and acquired web images were 
evaluated by using equations [13] and [14] respectively. 
a=atan[(XLrefmax - XYLref)/ (YXLrefmax - YLref)] [13] 
p=atan[(XLnewmax - XYLnew)/ (YXLnewmax - YLnew)j [14] 
The rotational angle of the web deformation with respect to the reference web image 
was simply the difference between these two angles of the images and was given by 
the equation [15] below. 
Rotation = a-p [15] 
Due to error in the material handling, sometimes the lace-web fabric drifted to the 
extreme left or right hand side of the cutting area. Hence, the acquired image of the 
web was not at the same as position as the reference image of web which was 
stored at the centre of the cutting area. There are several ways to calculate the 
translation of the web image in x-direction. One example to calculate the magnitude 
of translation, a, is to determine the position of the reference and the acquired web. 
The positions of these images are given by the equations [16] and [17] below. 
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The x-centre co-ordinate of reference web image 
XCref = (XLrefmax+XRrefmin+XYLref+XYRrefw)/4 [16] 
The x-centre co-ordinate of acquired web image 
XCnew = (XLnewmaX+XRnewmin+XYLnew+XYRnew)/4 [17] 
The error in position is the difference between these two positions, and the 
magnitude of translation, a, is given by the equation [18] below 
a = XCnew -XCref [18] 
(a) 
X-axis 
limit of search 
Maximum elongation limit 
Second feature of acquired web 
Lower limit of search range 
First calibration features (Datum) 
(b) 
(a) Reference web image in relaxed condition 
(b) Acquired web image in stretched condition 
Figure 5.9: Upper and Lower Limit of Second Search for the Right Edge Feature 
The accurate recognition of the calibration features is very crucial. Error in the 
recognition of the exact location of these calibration features results in inaccuracy of 
web deformation parameters. Examples of errors that may happen in the recognition 
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of the second calibration feature are depicted in Figure 5.9. Point P and point Q on 
the reference and the acquired web images can be perceived as the second 
calbration features. This can happen if the search range for the second feature is 
large and web is both stretched and rotated significantly. To reduce this error of 
feature recognition, the search range must be as minimal as possible and the 
material handling system must realign the web so that the rotational angle is small. 
Therefore, the material handling system will ensure the position and the rotational 
angle of the web are within the control limits before proceed to rectify other web 
deformation errors. The sequence of operation for the web manipulation was 
depicted in Figure 4.12 of previous chapter. 
In order to eliminate this error of feature recognition, the acquired web image was 
repositioned and reoriented so that it was positioned at the centre and aligned with 
the reference image before searching the calibration features for the elongation and 
the skew angle of web image. Based on the calibrated errors in the translation as 
well as the orientation, the acquired web was positioned, rotated and alignment 
similar to the reference web as shown in Figure 5.10. The calibration features and 
the algorithm for searching these calibration features were similar to those as shown 
in Figure 5.7 and Figure 5.8 before. 
If the tension force was high enough, the web might slip from the gripper and cause 
skew deformation. Based on the calibration features as shown in Figure 5.10, the 
skew angle in the x and the y-direction were measured. However, for web material, 
where the width was relatively small compare to its length, normally skew distortion in 
the x-direction was almost negligible and not included in the calibration process. The 
skew angles for the reference and the acquired images in the y-direction are 
formulated as in equation [19) and [20) below respectively. 
The skew angle for the reference web 
angleref=atan2(((YXLrefmax+YLref)-(2*YRref)),(XRrefmin-XLrefmax)) [19) 
anglenew=atan2(((YXLnewmax+ YLnew)-(2*YRnew)), (XRnewmin-XLnewmax)) [20) 
The skew angle in the y direction is the difference between the skew angle of 
reference and the acquired web image and it is given as in [21) below. 
angleskew=angleref-anglenew [21) 
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(XYLnew":'_4 
YLnew) 
FIGURE 5.10: Calibrating Features of the Two Aligned Web Images 
Due to the elastic nature of the lace web fabrics, the tension force applied by the 
material handling system caused the web to elongate in the y direction and shrink in 
the x direction. The amount of web deformation due to the elongation and shrinkage 
were calibrated by measuring the change in the length and the width of the web, 
respectively. The percentage of elongation and shrinkage were evaluated by scaling 
the web image in the x and the y directions. Basically, the scaling factor in the y 
direction was simply the length of the repeated pattern for the acquired web image 
over the length of the repeated pattern for the reference web image. On the other 
hand the scaling in the x direction was obtained by dividing the width of the acquired 
web image over the width of the reference image. The scaling factors and the 
percentages of elongation or shrinkage were formulated as follows. 
For the y direction: 
The length of repeated pattern for the reference web image 
PatternJepeated(Reference) =V((YLref-YXLrefmax! +(XYLref-XLrefmax!) [22) 
The length of repeated pattern for the acquired web image 
PatternJepeated (Acquired) =V((YLnew-YXLnewmax!+(XYLnew-XLnewmax!) [23) 
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Hence, the scale factor and the percentage of elongation 
yscale= PatternJepeated (Acquired) I PatternJepeated(Reference) 
Percentage_yelongation= yscale x 100 
For the x direction: 
The width of the acquired web image 
Width_ web (Acquired) = ((XRnewmin-XLnewmax)+(XYRnew-XYLnew))12 [26] 
The width of the reference web image 
[24] 
[25] 
Width_web (Reference) = ((XRrefmin-XLrefmax)+(XYRref-XYLref))12 [27] 
Hence, the scale factor and the percentage of shrinkage 
xscale= Width_web (Acquired) I Width_web (Reference) [28] 
Percentage_xshrinkage= xscale x 100 [29] 
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Figure 5.11: Calibration Procedure for The Web Deformation Parameters 
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To increase the robustness of the calibration procedures both edges of calibration 
features were used to find the scaling factor for the y-direction and they were used as 
a comparison so that an accurate scaling factor was obtained. Similarly, the average 
width at two different positions of the web was used in the above equation for the 
evaluation of the scaling factor in the x direction. 
As mentioned previously, calibrating the web deformation parameters has two points 
of significance. First, the controller of material handling system uses these 
parameters as control limits for transporting and manipulating the web. Second, 
these param eters are used for adjusting the master template for the active template 
matching technique. 
5.4.4 Active 2D-Template Matching 
ReposiilonThe Mlistet: 
:::i:,p : ,:,:!iL 
Rescale The Size of the Ma.ster 
':;f!d;';, eLiD>,::!ii1!;" ,,;ti;,,:, <'05:': 
Figure 5.12: Algorithm for the Active 2D-Template Matching Technique 
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Due to the previous research limitations, primarily in the lace scalloping technique, 
2D pattern recognition techniques have been employed in this research. For a rigid 
material the image can vary only its location and orientation. Template matching 
technique for this type of image for rigid material is well established in textbooks such 
as in (Jain et al. 1995) and (Gonzales and Wood 1993). But, for non-rigid materials, 
an active template matching technique is required. In the developed active template 
matching technique, the master template is actively adjusted on-line to accommodate 
the image distortion of the nonrigid web materials. This is because for a nonrigid 
materials, the image not only varies in its location or orientation but also in its 
elongation and skew distortion. The material handling system can only minimise but 
not eliminate these distortions. Therefore, the active pattern recognition techniques 
can cope with these types of image distortion as well as pattern variation that may 
also occur concurrently. 
In the active template matching technique, a prior knowledge of the acquired web 
image was needed in order to make the adjustment of the master template image. 
This prior knowledge was the parameters of the acquired web deformation, which 
had been calibrated previously. Based on this prior knowledge, the adjustment 
procedures performed coordinate transformations in order to eliminate the 
differences between the image of the master template and the image of the distorted 
web. The master template was different from the acquired image of distorted web in 
the position, orientation, skew and scale between them. Without making the 
adjustment or correction on the master template, the deformed nonrigid web material 
would have been different from the master template, they would not match, and the 
web pattern would not be recognised. 
After the calibration of web deformations, the master template was readjusted 
according to the position, size, the skew angle and orientation of the deformation 
parameters of the newly acquired web image. The operations to perform these 
adjustments are shown in Figure 5.12. The sequence of operations to make the 
adjustment of the master template must follow the sequence shown in the figure. 
This is to ensure that geometrical distortion does not occur during the readjustment 
of master template due to co-ordinate transformation. 
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The first web deformation that was corrected was the position of the web image in 
the master template. The position of the master image stored in the computer 
memory must be the same as that of the acquired web image. Hence, to 
accommodate this scenario, the image of lace-web in the master image must be 
translated in such a way that it is located similarly to the acquired web image. The 
required magnitude of translation was calibrated in the calibration of web deformation 
parameters. The translation of magnitude a of the master image f(x,y) in the x 
direction will result the new master image of f(x+a, y). This operation was performed 
simply by adding the magnitude of the translation for each pixel in the x-coordinates. 
Due to the elastic nature of the lace web fabrics, the master template had to also 
. accommodate the elongation in the y direction and shrinkage in the x direction of the 
2D-patterned shape cutting of the acquired web. This was achieved by scaling the 
master image f(xscale.x, yscale.y), where xscale and yscale were the scale factors in 
the x and the y directions of the image respectively. 
Before realigning, the master image was readjusted according to the skew angle of 
the acquired image. The size of the skew angle was determined by the web 
deformation parameters. Finally, the master image had to be aligned with the 
acquired web image. The orientation of the acquired web image determined the 
required angle of rotation of the master image. The difference between these two 
angles was the rotation angle where the master pattern had to be rotated so that the· 
master and the acquired web were exactly aligned. The master image was rotated 
about the center of the template. 
After readjusting the master template according to the web deformation parameters, 
a template matching technique was carried out. The computer algorithm searched 
patterns similar to the previously corrected master template on the entire newly 
acquired web image of the lace fabrics. The template matching technique utilised a 
binary cross-correlation of the acquired web image f(x,y) and the master template 
g(x,y). An example of the equation [30) for the binary cross-correlation can be found 
in (Jain et al. 1995) and rewritten here. The normalised binary cross-correlation value 
D[x,yj) of image and p x q master template at the point of (x,y) can be defined as 
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[30] 
p q 
where C[x,y]= ~ ~g[x,y]f[a+x,b+y] ,a and b are the displacements with 
a=lb=1 
respect to the template in the web image. The location, x and y, at which the 
normalised correlation value D[x,y) had the highest value was the location where the 
pattern was the best match with the master template. To speed up the searching for 
similar pattern on the entire acquired web material, the image of the acquired and the 
master template was scaled down appropriately. Using this active template 
approach, the master image was always readjusted on-line to suit the elastic nature 
of the lace web material. Boundary clipping was used to reduce distortion at the top 
and the bottom edge of the master template as a result of rotational and skew 
displacement of the master web image. It is worth mentioning that the developed 
algorithm cannot accommodate distortion due to excessive wrinkle of the web 
material. This is because wrinkle causes occlusion to the pattern of the acquired web 
image. 
5.5 Extraction of Cutting Path Profiles 
After the 2D-patterned shape cutting has been identified on the acquired web image, 
a cutting path profile for each 2D-shape cutting was determined and extracted. There 
are two types of 2D-patterned shape cutting that will be elaborated in this chapter of 
thesis, namely. 
• Large 2D-shape cutting pattern 
• Small 2D-motif pattern 
The maximum size for the large cutting pattern was approximately 600 mm x 250 mm 
and for the small motif cutting, the size was approximately 60mm x 40 mm. One 
cutting path extraction technique has been developed for the large shape cutting and 
two techniques for small motif cutting. The extraction of cutting path was required for 
the trajectory planning of the laser beam. 
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5.6 Extraction of Cutting path profiles for large cutting patterns 
For a large shape cutting, the laser beam must pass through several important points 
according to the features of the web pattern, besides contouring the required 
geometrical shape cutting. The extraction of cutting path for rigid material or linearly 
elastic material is simple. However, web lace is a non linear elastic material in which 
the cutting path does not exactly depend on the magnitude of web deformation. It is 
necessary to determine all the important features individually so that the laser beam 
can pass through all these features. 
Region of interest 
Feature 1 
Region of interest 
Feature 4 
Region of interest 
Feature 2 
Cutting path profile 
being stretched and 
rotated 
Region of interest 
Feature 3 
Figure 5.13 A Large 2D-Shape Cutting with Four Region of Interests 
Figure 5.13 shows an example of a distorted large shape cutting relative to the 
reference shape cutting of Figure 5.3 (b), The shape cutting is deformed in its 
elongation and orientation. The large shape cutting of the figure consists of four 
important features that cutting path had to pass through. All these important features 
were within their region of interests. A straight line connected feature 1 to feature 2 
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and feature 3 to feature 4. A curved line connected feature 2 to feature 3. Due to 
web deformation, the geometrical shape of the cutting also deformed and changed. 
An algorithm to extract this distorted cutting path profile can be summarised as 
follows; 
• Draw and store the cutting path of the 2D shape 
• Store sub-image templates for each important features of the cutting path 
• Set and calibrate the region of interests for each important features 
• Perform active template matching within the region of interest 
• Interpolate the cutting path between the two successive important features 
• Extract the cutting path of the acquired web image 
5.6.1 Identification of the Important Features on the Cutting Path 
Due to the fact that the lace-web material is a nonrigid material and that a small 
variation in the repetitive pattern itself, it is vital to identify exactly the location for 
each important point or feature that the cutting path must pass through. Every 
important feature must be stored as a sub-template of its master image. The centre 
of the sub-template, point XC and YC, is assumed to be the important point that the 
cutting path must pass through. If there are four important features in the shape 
cutting then there will be four points corresponding to the centre of four sub-
templates in the master image, respectively. Corel Draw software was used to draw 
lines connecting between any two important features. 
5.6.2 Method of Calibration for the Region of Interest 
In order to avoid the identification of important features at the wrong location and also 
to accelerate the searching of similar pattern on the web material, a region of interest 
(ROI) for each important feature needed to be specified. This ROI represented an 
area where the important feature was located and it had to be larger than the sub-
template of the master image. It is good practice to locate the predetermined centre 
of the ROI so that it coincides with the centre of the sub-template of the master 
image. The ROI had to be calibrated according to the deformation parameters of the 
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lace-fabric materials. In the calibration process, the centre coordinate of the RCI was 
translated, scaled and rotated about the centre of the web image. The pseudocode 
on how the RCI was calibrated is depicted in Figure 5.14. The search of every 
important feature was carried out within its RCI respectively and an active template 
matching technique was employed to recognise the feature that was similar to the 
sub-template image. The previous section explained the manner in which this active 
template matching was utilised. 
11 calibration the centre of the ROI, XC & YC 
XC=XC+ a; r translate XC with the magnitude of a *1 
XC=XC*xscale; r scale XC *1 
YC=YC*yscale; r scale YC *1 
IWidth=(IWref*xscale); rscale the width of the inspected master image *1 
IHeight=(IHref*yscale); rscale the height of the inspected master image *1 
Rot=(3.141592654*Rotation)/180; rchange the rotational angle to radian *1 
XC=XC-(IWidth/2); rset the centre of the image as the origin *1 
YC=(IHeight/2)-YC; 
R=sqrt«XC*XC)+(YC*YC»; rchange to the polar coordinate *1 
theta1=atan2(YC,XC); 
XC=R*cos(theta1 +Rot); rrotate the XC coordinate about the origin *1 
YC=R*sin(theta1+Rot); rrotate the YC coordinate about the origin *1 
11 change the coordinate back to the top left corner of the image 
XC=(lWidthl2)+XC; 
YC=(IHeight/2)-YC; 
Figure 5.14: C-Program Implementation of The ROI Calibration Procedure 
5.6.3 Interpolation of The Cutting Path 
After all the important points with respect to their important features have been found, 
the cutting path profile between two successive important points was interpolated. 
The cutting path that connected the two important points of features consisted of 
several intermediate points. To interpolate these intermediate points, the master 
cutting path profile initially stored in computer memory was re-orientated so that it 
was in the same orientation of the newly found two successively important features. 
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After the reorientation, the cutting path was translated and then interpolated linearly 
in the x and y directions according to the distortion of the acquired web image. Figure 
5.15 diagrammatically illustrates the interpolation method and part of the C-program 
performing this operation is shown in Figure 5.16. To determine a complete cutting 
path profile of the acquired web image, all the intermediate points between two 
successively important features were interpolated in sequence. The final cutting path 
profile consisted of all these interpolated points in addition to the two points at the 
centre of the two successive important features. This newly interpolated cutting path 
profile was be fed through the motion controller of the laser beam manipulator. 
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Figure 5.15: Diagram for The Interpolation of The Cutting Path Profile 
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11 find the angle of the two successive points of the master cutting profile 
theta1 =atan2(ynewmax-ynewmin,xnewmax-xnewmin); 
11 find the angle of the two successive points of the inspected cutting profile 
theta2=atan2(ymax-ymin,xmax-xmin); 
11 find the rotation angle 
Ang=theta2-theta1 ; 
11 rotate the all points of the master cutting profile between these two successive points 
IIso that the line connecting these points are aligned with the inspected cutting profile. 
for (i=O;i<=numData;i++) 
{ 
} 
x=x_image[i]-(xmin); 
y=(yminl-Y_image[i]; 
r=sqrt((x'x)+(y'y)); 
theta1 =atan2(y,x); 
x=r'cos(theta1 +Ang); 
y=r'sin(theta1 +Ang); 
xposimage[i]=(xmin)+x; 
yposimage[i]=(ymin)-y; 
11 find the amount required to shift the previous centre point of rotation to thel 
11 corresponding point of the inspected cutting point. 
xshift=xnewmin-xmin; 
yshift=ynewmin-ymin; 
11 translate all the points of the master cutting path in x and y direction. 
for (i=O;i<=numData;i++) 
{ 
xposimage[i]=xposimage[iJ+xshift; 
yposimage[iJ=yposimage[i]+yshift; 
} 
11 find the scale factor for the x and yaxis 
xpscale=(xnewmax-xnewmin}1 (xposimage[numData]-xposimage[O]; 
ypscale=(ynewmax-ynewmin)1 (yposimage[numData]-yposimage[O]; 
IIscale all the points in x and y direction 
for (i=O;i<=numData;i++) 
{ 
xposimage[i] = xnewmin + (xposimage[iJ-xnewmin)'xpscale; 
yposimage[i] = ynewmin + (yposimage[iJ-ynewmin)'ypscale;; 
) 
I' change the local coordinate system of the cutting path profile to the global coordinate 
system. 'I 
Figure 5.16: C-Program Implementation of the Interpolation Procedure 
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5.7 Extraction of Cutting Path Profiles for Motif Shapes 
Similar to the large shape cutting, the extraction of the cutting path along the edge of 
every individual motif is determined after all the motifs have been identified on the 
acquired web image. This second stage of feature extraction techniques would 
requires high accuracy. Using a similar approach to Gonzales and Woods (Gonzales 
and Woods 1993), two methods of feature extraction techniques for the extraction of 
cutting path along the edge of every individual motif have been developed, namely; 
• Chain Code Technique 
• Binary Morphological Technique 
To extract the cutting path using chain code or morphological techniques for fully 
enclosed boundary is an easy and straightforward technique. But the boundary of a 
motif on the patterned web lace is not fully enclosed. The background structures of 
the lace pattern are normally part of the motif pattern. This is contrary to the pattern 
of single lace breadth with the backing net in which the backing net is not completely 
part of the pattern and its boundary is clearly defined. Therefore to identify the 
boundary of the motif shape with the rest of lace pattern is more difficult than to 
identify the boundary of the lace breadth with the backing net. 
5.7.1 Chain Code Technique 
One of the techniques to determine the boundary of a motif shape and extract the 
cutting path was the chain-coding technique. The chain-coding technique encodes 
the direction of a boundary at each edge of the motif pattern. The distance between 
the two neighbouring pixels, the link length is either 1 or "2 units, and varies with the 
boundary directions. In this technique the start and stop points at every edge 
segment of the motif had to be defined first. These critical points (CP) along the 
predefined cutting path were used as a reference data for the chain coding technique 
and must also be relocated according the distortion of the lace-web fabric. The ways 
in which these points were interpolated were similar to that of ROI interpolation in the 
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previous section 5.6.2. During the interpolation, the rotation of the critical points was 
performed about the centroid of the master motif. Starting at the edge in the first 
segment and going clockwise around the edge of the motif, the direction to the next 
edge pixel was specified using one of the eight chain codes. By using these eight 
neighbourhood pixels and by adjusting the priority of the neighbourhood pixel, the 
chain code representing the cutting path of the acquired motif was determined. 
The overall algorithm to perform this chain-code technique is shown in Figure 5.17. 
Figure 5.18 (a) shows the chain-code directions for eight neighbourhood pixels. 
Figure 5.18 (b) depicts the critical points CP for some segments in the motif shape 
cutting and an example of a priority in the chain code direction for segment 1 is 
illustrated in Figure 5.18 (c). 
Figure 5.17: An algorithm for the Chain-Code Technique 
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Figure 5.18: Chain-Code Technique 
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5.7.2 Binary Morphological Technique 
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Figure 5.19: Algorithm for the Binary Morphological Technique 
Another technique to extract the cutting path of a motif shape was the binary 
morphological technique. Morphological technique is a methodology for image 
processing and image analysis, which is based on regions or shapes (Vernon 1991). 
The operation involved in this technique included rasterisation, dilation and AND 
operation of the motif pattern. WiT image processing software provided the operators 
to perform these operations. Figure 5.19 shows the overall computer algorithm to 
perform this technique and the effects of the morphological operations on a motif are 
shown in Figure 5.20. 
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(a) master motif (b) Rasterization of master (c) Dilation of master 
d) Acquired motif e) threshold of acquired motif f) AND of image (e) and c) 
Figure 5.20: Effect of the Morphological Operations. 
As depicted in the figure, prior to the morphological operation, the cutting path profile 
of the master motif was calibrated according to the distortion of the web lace fabric. 
The method of the calibration was similar to the calibration of critical points in the 
chain code technique. After the calibration procedures, the region encircled by this 
cutting path profile was rasterised. In this operation all the pixel within the enclosed 
region will be whiten with the black background. Figure 5.20 (a) is the original image 
of master motif and Figure 5.20 (b) shows an image of master motif shape after the 
rasterisation operation. To accommodate pattern variations and nonlinear effect of 
web deformation, the binary image of master was dilated. In this operation the size of 
the motif became larger and its boundary offset the original boundary. The amount of 
this offset depended on the variation in the lace pattern. Normally, the area of motif 
shape varies about ±5 percent. Therefore the size of the master motif was dilated 
and enlarged 5 percent larger than its original size. After the dilation operation, the 
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AND operation on the dilated master image with the acquired motif image was 
performed. An example of the results for this operation is shown in Figure 5.20 (f). 
The edge of this final image after the AND operation was representing the cutting 
profile of the acquired image. 
5.8 Parameters of The 2D-Patterned Shape Cuttings 
The sequence of operations for the material handling system was determined by the 
control limits of the web deformation parameters. Similarly, after the extraction of the 
cutting path for each shape cutting, three parameters of the extracted shape cutting 
were determined and used to set the control limits before the cutting operation. 
These parameters were the size of the enclosed area, the length of perimeter and 
the position of centroid for each shape cutting. These shape cutting parameters are 
depicted in Figure 5.21. If these parameters of the 2D-shape cutting exceed the 
control limits, the trajectory of the laser beam will not be computed and the material 
system will readjust the lace web accordingly. 
5.9 Summary 
Length of oerimE!ter 
Size of enclosed 
Figure 5.21: Parameters of the 2D-Shape Cuttings 
In this chapter, the image processing techniques, the feature and pattern recognition 
techniques, and the methods to extract the cutting path from a distorted image of 
web lace have been explained. The overall algorithm of image processing and image 
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analysis was described. The detailed algorithm for the feature recognition technique 
along the edge of the deformed lace web was highlighted. The results of the web 
deformation parameters are used to assist the material handling system. To 
recognise the 2D-shape cutting of distorted patterned lace web, an active template 
matching technique has been proposed. A method to extract the cutting path for a 
large shape cutting was developed and two feature extraction techniques to extract 
the cutting path for the intricate motif cutting were elaborated. The properties of the 
extracted cutting path can be used for controlling the accuracy of the cutting process. 
The results and analysis of the pattern recognition techniques developed in this 
chapter will be presented in the next chapter. 
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CHAPTER SIX 
RESULTS AND ANALYSIS OFTHE PATTERN RECOGNITION TECHNIQUES 
6.1 Introduction 
This chapter will present and analyse the overall performance of the machine vision 
for the laser cutting system. The performance of machine vision will be based on the 
analysis of results for the pattern recognition techniques, the analysis of pattern 
variations, the analysis of the source of image noise and the analysis of timing 
required to perform the pattern recognition techniques. The results of the pattern 
recognition are divided into three parts. These are the results of the calibration 
procedures, the result of the template matching techniques and the results of the 
extraction of the cutting path. The results of the calibration will determine the web 
deformation parameters for the material handling system and the active template 
matching technique. The robustness of the calibration procedures for different web 
deformation parameters will be discussed. The results of the template matching 
techniques will compare the robustness between the active and passive template 
matching. The analysis of the results for the extraction of cutting path profiles will be 
based on the accuracy of the chain-coding technique and the binary morphological 
technique. Finally, this chapter will analyse the required time to perform the overall 
algorithm of pattern recognition techniques and explain the source of the errors in the 
machine vision. 
6.2 Samples of Web Lace for the Images Analysis 
The experiments to analyse the robustness of the image analysis algorithm were 
focussed on three designs of web lace patterns. The three design patterns are shown 
in Figure 6.1. These three patterns of lace are selected for analysis due to their 
different properties of elasticity or stiffness, texture property, geometry and colour. 
Each pattern had its own motif design. Pattern A and pattern C were white in colour. 
Pattern B was black in colour. The basic dimensions of the lace are illustrated in the 
figure. Pattern C had a higher stiffness relative to pattern A and C. Relative to pattern 
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A and B, the surface texture of pattern B was more uneven and rough. Only some of 
these differences will be used in the analysis of the results. These samples of web 
lace were placed under the camera of field view for the image analysis. The 
specification of the machine vision including the CCD camera is described in section 
4.6 of Chapter 4 
(a) Pattern A (b) Pattern B (c) Pattern C 
Figure 6.1: Three Different Patterns of Lace-Web for Image Analysis 
6.3 Analysis of Pattern Variations 
Decorative lace is generally a knitted patterned fabric. There are many possible 
designs of lace pattern. Each design consists of a repetitive geometrical pattern. 
Even though the pattern looks similar, in a reality it is never exactly identical. In order 
to find the variations in pattern, three parameters were used to quantify these 
geometrical variations. These parameters were the area, perimeter and the centroid 
position of the motif pattern. Three different patterns of motifs, which were pattern A, 
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pattern B and pattern C, were used to analyse these variations. For each pattern, 
seven samples of the motif were selected at random. The cutting path for each 
sample was drawn and its image was captured when the web was in a relaxed 
condition. The results of their geometrical variations were plotted in Figure 6.2 (a), 
6.2 (b) and 6.3 (c). The maximum percentage of variations in area, perimeter and 
position of centroid for each pattern were calculated and shown in Table 6.1. The 
maximum percentage of variations was calculated using the equation [31] below. 
Maximum variation 
Maximum percentage of variation = ----------
Average value of parameter 
X 100% 
>f:.,axiW\u~;p~i~en!~geg6f vJHati~ns;;(b/o); , 
"Arti' ," ,>" ,A;;.", <:)0';<'; 
[;:;i Pe~imeter,;i; ,"IAre~ >X;CentroiCl If,Y-C'entroid 
2.214 2.617 1.922 0.776 
6.824 2.212 0.885 1.352 
7.511 2.792 2.636 0.796 
[31] 
Table 6.1: Percentage of Pattern Variations for the Different Motif Patterns 
The results show that the motif of pattern C had the highest values of maximum 
variations in the length of perimeter, the size of area and the position of the x-
centroid, which were 7.511, 2.792 and 2.636 percent respectively. The motif of 
pattern B had the highest value of maximum variation in the position of the y-
centroid, which was 1.352 percent. The values of these maximum variations were 
important to set the amount of offset in dilation operation for the binary morphological 
technique. Furthermore these values of maximum variation could also be used to set 
the upper and lower control limits of the quality control for the lace-web fabric prior to 
the cutting process. In general, the maximum variations in all parameters of motif 
shapes did not exceed 10 percent. 
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6.4 Results of the Calibration Experiments 
The most important factor that determines the robustness of the pattern recognition 
techniques is the results of the calibration for the web deformations. The web 
deformations are calibrated according to its orientation, translation, skew and 
elongation. The results of the calibration are required to readjust the master template 
in the active template matching technique. Less accurate results of calibrations lead 
to poor image recognition. The results of web calibrations are also required in 
assisting the material handling system to ensure that the web deformation 
parameters are within the acceptable limits. Therefore results of calibration also 
affect the decision of the intelligent web handling system. In presenting the results of 
calibration procedures, the graphs are based on the rotation and elongation of the 
webs. Only lace of pattern A was used in the analysis of the results for the 
calibrations of web deformation parameters. 
6.4.1 Calibration Results based on the Rotational Angles 
In order to determine the effect of web rotation on the accuracy of the rotational 
calibration, three sets of experiments were carried out and their respective graphs 
were plotted. These three sets of experiments determined the calibration accuracy of 
the web rotational angles with respect to web translation, web skew angle and web 
elongation. Ideally, the rotational angle of the reference image must be the same as 
the rotational angle of the acquired web image for the perfect calibration. This perfect 
correspondence would result in a straight line inclined at 45 degrees for the graph of 
reference web angle versus the acquired web angle. 
In the first set of experiments, a web of Pattern A was placed on the cutting table and 
its images were captured. The images of the web fabric were translated in the x-
axis at -12 mm , 0 mm and +12 mm. For each translation, the acquired web 
images were rotated within the range of -16 degrees up to +16 degrees with an 
increment of 2 degrees. The results of the experiment were plotted and shown in 
Figure 6.3. The results showed that the three different translations of the web images 
did not significantly affect the calibration accuracy of the rotational angle of the web. 
But for each translation, the calibration angles of the reference image did not 
correspond exactly with the angle of the inspected image. This was because of the 
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image noise. However, relatively the effect was not very significant as shown in the 
graph. 
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Figure 6.3: Effect of Web Translation on the Rotational Angle Calibration 
The results for the second set of experiments were plotted in Figure 6.4. The graph 
depicted the effect of rotational calibrations for five different skew angles; -10, -5, 0, 5 
and 10 degrees of skew angle. For each skew angle, the acquired images were 
rotated from -16 degrees to + 16 degrees with the increment of 2 degrees. The 
results indicated that the relationship between input variable and output variable was 
not linear and not repeatable. For different skew angles, significantly different 
calibration angles were observed. This was mainly due to the presence of random 
noise. 
The third set of experiments were to analyse the accuracy of the rotational angle 
calibrations with respect to three different web elongations. Three different series of 
graphs were plotted for 0, 20 and 30 percent of the web elongation as shown in 
Figure 6.5. The effect of the web elongation on the calibration accuracy for a smaller 
web rotation angle was not significant relative to a larger web rotational angle. The 
graph shows that for the rotational angles between -8 to +8 degrees, the calibration 
accuracy was higher than the calibration accuracy outside this range. In general, the 
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graph also indicates that rotational calibration accuracy was higher for a smaller 
percentage of web elongation. 
Rotational angle of the acquired web image (degrees) 
Skew Angles 
-+- 0 degrees 
__ +5 degrees 
-6- -5 degrees 
--*- + 1 0 degrees 
__ -10 degrees 
Figure 6.4: Effect of Web Skew Angle on the Rotational Angle Calibration 
Rotational angle of the acquired images (degrees) 
% of elongation 
in the y-direction 
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-lr- 30% of elongation 
Figure 6.5: Effect of Web Elongation on the Rotational Angle Calibration 
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6.4.2 Calibration Results Based On The Elongation 
Three sets of experiments were carried out in order to analyse the effect of the 
calibration accuracy of the web elongation with respect to web translation, web skew 
and web rotation. In these experiments, one set of graphs was plotted for each set of 
experiments. 
In the first set of experiments, the acquired web images were translated in the x-
direction at three different location, -12 mm, 0 mm and + 12mm. For each translation, 
the web images were elongated from 0 percentage up to 45 percentage with an 
increment of 5 percentage. Figure 6.6 shows the results of the first set of the 
experiment. For each translation, the graph obtained was almost linear and up to 45 
percentage of web elongation. This shows that for the web elongation up to 45 
percent, the repetitive length of the web was still under the camera field of view. As a 
result, the algorithm was able to search the actual first and second calibration 
features along the edge of the web. All three series of the graph were not 
repeatable. These series were not repeatable mainly because of random error 
caused by the camera. 
50~--------------------------~ 
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.5 45 
1 40 --
" 35 ~ ~ 30 
~ ~ 25 
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o 10 20 30 40 50 
% of elongation for the acquired image 
Translation in 
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-i>- + 12 mm translation 
Figure 6.6: Effect of Web Translation on the Elongation Calibration 
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In the second set of experiments, the acquired web images were skewed at five 
different skew angles, -10, -5, 0, +5, +10 degrees. For each skew angle the images 
were elongated from 0 to 45 percent. The graph obtained in this experiment was 
plotted and shown in Figure 6.7. The results show that all the five lines of the graph 
were almost linear and aligned at 45 degrees. However, the lines were not exactly 
repeatable and the lines were not significantly identical. A random error also occurred 
between the rotational angle of approximately 25 and 30 degrees. 
In the third set of experiments, the acquired web images were rotated at five different 
rotational angles, which were -10, -5, 0 +5, +10 degrees. Similar to the previous 
experiment, the acquired images were elongated from 0 to 45 percent of the original 
length of the web for each rotational angle. Figure 6.8 depicts the results of the 
experiment. The results indicated that the calibration accuracy of elongation was not 
significantly affected by the rotational angle of the web. The results also showed that 
all the five lines of the graph were almost repeatable for up to 35 percent of web 
elongation. Beyond the 35 percent of elongation, the calibration process was no 
longer reliable except when the rotational angle of the web was zero. Again, this was 
because when the web was elongated more than 45 percent, some of the calibration 
features were not under the camera field of view. Hence, the algorithm would not 
have had the correct calibration point along the edge of the web. 
6.4.3 Discussions of the Calibration Results 
The results the web calibrations showed that the calibrations were reliable only in 
certain limits of web deformation. The limit at which the web could deformed 
depended on the magnitude of web distortion. The entire image of the web including 
the four important features along the both edges of the web must be within the 
camera field of view. The computer algorithm would not be able to search the actual 
second calibration features along the edge of the web if the web deformations were 
large enough and these features were not within the field of view of the camera. 
Therefore, the web could not deform beyond these limits of camera view for a reliable 
calibration procedure. 
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Figure 6.9: Calibration Features at the Left Edge of Web 
In general, the resulis showed that the calibration of elongation was more accurate 
relative to the calibration for the rotational angle. This was mainly because the skew 
and the elongation of the web had indirectly affected the calibration of the rotational 
angle. For example, Figure 6.9 shows the position of the two calibration features at 
the right edge before and after the web elongation in the y-direction. It was assumed 
that the web was perfectly aligned with the y-axis, but the line connecting the two 
features was not exactly aligned with the y-axis .. As a result of web elongation, the 
web would also shrink in the x-direction. If the line connecting the first and the 
second calibration features were not perfectly aligned in the y-direction, the effect of 
elongation in the y-direction and shrinkage in the x-direction would cause the 
rotational angle of the web changes. In other words the initial angle of web ex would 
be different from the final angle of web ~, even though the web was perfectly aligned 
with the y-axis both before and after the web elongation. This would cause error in 
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the calibration of web rotational angle. This error of rotational angle calibration could 
also happen when the web experienced shear stress and had skewed deformation. 
Therefore, to eliminate these calibration errors, the two features of the master 
template must be perfectly aligned. 
Besides the effect of web elongation on the accuracy of rotational calibration, other 
sources of errors were random errors due to the unstable camera, light reflection, 
and dust and dirt on the cutting table. These will be discussed later in this chapter. 
6.5 Analysis of Results for the Template Matching Techniques 
Two techniques of template matching for the 2D-pattern recognition of the web fabric 
were performed and their performances were compared. These two techniques were 
the active template matching and the passive template matching techniques. In the 
active template matching technique, the master template was adjusted according to 
the deformation parameters of the acquired web image before performing the 
template matching. On the other hand, the master template in the passive template 
matching was not adjusted according to the web deformation parameters and the 
image of the master template was always the same. By using both of the techniques 
of template matching, five sets of experiments were carried out. The five sets of 
experiments represented the five parameters of web deformation, which were the 
web elongation in the y-direction, the web elongation in the x-direction, the web 
rotational angle, the web skew angle, and the web translational magnitude. The 
results of the experiments were plotted. The results compared the robustness 
between the active and passive two-dimensional template matching techniques 
subjected to different acquired web deformation parameters. In each experiment, the 
accuracy of the template matching with respect to only one variable of the acquired 
web deformation parameters was computed. The other web deformation parameters 
were assumed to be constants. The correlation values between the master template 
and the acquired web image were used as a measurement of the accuracy of the 
template matching. The higher the correlation values, the more accurate the results 
were. The perfect match between the master template and the acquired web image 
would have the correlation value of one, which was the highest accuracy. 
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In the first set of experiments, the images of the acquired web were translated in the 
x-direction within the range of -50mm to +50mm with an increment of 10mm. Eleven 
readings were recorded for each template matching technique and the results were 
plotted in Figure 6.10. The results showed that the accuracy of the active template 
matching maintained between the correlation value of 0.90 and 0.80. The accuracy of 
the passive template matching technique abruptly deteriorated to 0.35 when the web 
image was translated to -50 mm or +50 mm. Within this range of web translation in 
the x-direction, the performance of the active template matching was better than that 
of passive template matching. 
In the second set of experiments, the acquired web images were skewed from -10 
degrees up to +10 degrees with an increment of 2 degrees. The results of both 
template matching techniques were illustrated in Figure 6.11. The results showed 
that the active template matching was more robust compared to the passive template 
matching technique. Even though the skew deformation increased, the accuracy 
values for the active template matching was always maintained above the 0.75. On 
the other hand, the accuracy values for the passive template matching gradually 
deteriorated to approximately 0.64. 
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In the third set of experiments, the acquired images of web were rotated from -20 
degrees up to +22 degrees with an increment of 2 degrees. The results of this 
experiment were plotted in Figure 6.12. The results indicated that when the images of 
the web fabric were rotated at different rotational angles the performance of both the 
active and passive template matching techniques deteriorated. However, the rate at 
which the passive template matching technique deteriorated was significantly higher 
than that of the active template matching technique. The accuracy of both the active 
and the passive template matching techniques was 0.90 for the undistorted web 
image of zero rotational angle. But when the web images were rotated at +22 
degrees, the accuracy of active and passive template matching techniques 
progressively deteriorated to 0.63 and 0.35 respectively. Similarly, when the web 
images were rotated at -20 degrees, the accuracy of active and passive template 
matching techniques gradually deteriorated to 0.68 and 0.33 respectively. 
In the fourth and fifth set of experiments, the images of the web were elongated in 
the x and y-direction respectively. The web images were elongated in the y-direction 
from 0 up to 50 percent elongation with an increment of 5 percent. Similarly in the x-
direction, the web images were elongated from -20 up to +10 percent elongation. 
The negative elongation indicated that the web shrank. These two sets of 
experiments were carried out independently. The results of the experiments when the 
web was subjected to tension are depicted in Figure 6.13 (a) and (b). Relative to the 
passive template matching, the active template matching performed equally higher 
and stable accuracy for both elongation in the x and the y-direction. For the 
elongation in the y-direction, the accuracy of the active template matching technique 
maintained above 0.90 for up to 45 percent of web elongation. However, beyond the 
45 percent elongation, the accuracy abruptly deteriorated. As the web images were 
incrementally elongated, the accuracy of the passive template matching was 
gradually decreased to 0.51. A similar phenomenon was observed when the web 
images were elongated in the x-direction. When the web images were elongated in 
the X-direction, the accuracy of the active template matching was always higher than 
0.70. The accuracy of the passive template matching decreased gradually to 0.21 
when the web shrank by 20 percent. 
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The three-dimensional graphs, which depicted the accuracy of the active and passive 
template matching techniques, are shown in Figure 6.14 (a) and (b) respectively. The 
graphs show the effect of calibration accuracy when two variables of the web 
deformation parameters change simultaneously. The two variables, which changing, 
were the web elongation and rotational angle. In general, the results obtained 
showed that the active 2D template matching technique was more robust compared 
to the passive template matching technique under these two parameters of web 
deformations. 
6.5.1 Discussion of Results for the Template Matching Techniques 
In general, the accuracy of active template matching techniques could sustain large 
web deformation relative to passive template matching technique. Compared with 
other types of web deformations, the rate at which the accuracy of the active 
template matching deteriorated was higher when the web images underwent 
rotational deformation. This deteriorated effect was mainly due to the fact that the 
calibration of the rotational angle had lower accuracy compared to the accuracy of 
the other web deformations. The limit at which the active template matching 
techniques could sustain the higher accuracy relative to the passive template 
technique mainly depends on the accuracy of the calibration results. Random noise 
due to unstable camera, lighting, dust and dirt also contributed to the accuracy of the 
template matching techniques. 
6.6 Results of the Cutting Path Extraction for the Motif 
The results of experiments to test the robustness of the cutting path extraction are 
divided into two parts. The first part compares the accuracy between the binary 
morphological and the chain coding techniques. The second part of the results 
analyses the accuracy of the morphological techniques under several conditions of 
web deformations. Three parameters of the 2D-motif shape cutting, which were the 
area, perimeter and the centroid of the motif were used to determine the accuracy of 
the cutting path extraction. In these experiments, a motif from the web of pattern A 
was used to evaluate the accuracy of the cutting path extraction for different 
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parameters of web deformations. An example of the parameters of the 2D-motif 
shape cuttings is shown in Table 6.2. 
Position of Centroid (mm) 
Average Size of Area Length of Perimeter X·centroid Y-centroid Parameters (mm2 ) ( mm) 
Motif of Pattern A 1915 241 26 38 
Motif of Pattern B 1229 246 25 29 
Motif of Pattern C 1283 199 19 32 
Table 6.2: Parameters of the 2D-motif shape cuttings 
6.6.1 Chain-Code versus Binary Morphological Techniques 
In the first part of the results, two sets of experiments were carried out. The first set 
of experiments was performed when the web images were elongated from 0 up to 20 
percent of the original length, with an increment of 5 percent. All other parameters of 
web deformations remained constant. The algorithms for both binary morphological 
and chain-code techniques were executed when the web images were under the 
same deformation conditions. Five readings were taken for both the accuracy of motif 
area and perimeter, and two graphs were plotted against web elongation. The results 
are shown in Figure 6.15 (a) and (b). In general, the results showed that the 
morphological technique performed better than the chain-code technique for 
distortion due to elongation of web fabric. Both the accumulative errors of the area 
and the perimeter for the morphological technique were smaller to that of the chain-
code technique. Using the morphological technique, the cumulative error of area and 
perimeter for the five readings were 134 mm2 and 18 mm respectively. These 
accumulative errors were smaller compared to the chain-code technique, which were 
377mm2 and 24 mm respectively. Due to web deformations, the inaccurate positions 
of the critical points for every segment of the motif led to poor results in the chain-
code technique. 
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The second set of experiments was carried out when the web images were rotated 
between -20 to +20 degrees with an increment of 5 degrees. Under the same 
condition of web deformations, the algorithms for the binary morphological and chain-
code techniques were executed. The results of this experiment were plotted in Figure 
6.16 (a) and (b). Relative to the chain-code technique, the extraction of the cutting 
path by using the morphological technique was more accurate for a wide range of 
angles. The chain-code technique was only accurate for a small range of web 
rotational angles. For the nine readings taken, the total accumulative errors of areas 
for the binary morphological and chain code techniques were 302 mm2 and 1761 
mm2 respectively. The total accumulative errors of the perimeters for the 
morphological and chain-code techniques were 55.9 mm and 83.7 mm respectively. 
6.6.2 Accuracy of the BInary MorphologIcal TechnIque 
In the second part of the results, one set of experiments was performed to determine 
the accuracy of morphological technique to extract the cutting path of the pattern A 
motif. In this experiment, the acquired web images were rotated at five different 
rotational angles, -10, -5, 0, +5 and +10 degrees. For each rotational angle, the web 
images were elongated from 0 percent up to 40 percent of its original length with an 
increment of 5 percent. Altogether, four graphs are plotted as shown in Figure 6.17, 
Figure 6.18, Figure 6.19 and Figure 6.20. The graphs represent the accuracy of area, 
the accuracy of perimeter, the accuracy of the y-centroid co-ordinate and the 
accuracy of the x-centroid co-ordinate against the percentage of web elongation. For 
each graph five lines were plotted with respect to five different rotational angles. In 
general, the results showed that the accuracy for all parameters of the cutting path 
was more accurate when the web fabric was aligned with the y-axis or when the 
rotational angle was 0 degrees. The accuracy for the location of the motif centroid in 
the x-axis was higher than that of the y-axis due to the fact that elongation in the y-
axis was more prominent compared to the shrinkage in the x-axis. Overall, if the web 
elongation was less than 10 percent with a range of rotational angle between -10 
degrees and +10 degrees, the morphological technique would have the accuracy of 
area ±50mm, the accuracy of perimeter ±25mm, the accuracy of the y-centroid co-
ordinate ±2.5 mm and the accuracy of the x-centroid coordinate ±0.8 mm. 
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6.2 Analysis of the time required to perform the operations 
Besides cutting accuracy, it is also a fact that the full capability of machine vision can 
only be tapped if the system is real-time so that the system can be applied on-line 
and integrated with the entire garment manufacturing process. The analysis of time 
required for the pattern recognition technique is necessary to design a real-time 
system. The total time required to cut each 20- patterned shape cutting depends on 
the time taken to accomplish three tasks. These tasks are the material handling, the 
pattern recognition technique and the trajectory planning. The fraction of time 
required for the pattern recognition technique was divided into five operations, which 
are the active template matching, the calibration procedures, the image acquisition, 
the input and output (I/O) process and other operations, as depicted in Figure 6.21. 
The percentage of required time to accomplish the active template matching and the 
calibration operation was 33 and 5 percent respectively. The time for the calibration 
procedures was the time required to search the calibration features and to calculate 
the web deformation parameters as discussed in section 5.3 of chapter 5. It showed 
that the calibration procedures did not take significant time compared to the other 
processes. The time required for the template matching technique and the I/O 
operation was significant. These two operations occupied 74 percent of the total time 
required for the pattern recognition technique. 
Figure 6.22 shows the comparison between the required time to perform the active 
and the passive template matching technique. The size of web image was 768x576 
pixels and the size of the master template was 316x250 pixels with the scale factor of 
0.25. The time required to perform active template matching and its calibration 
procedures was 920 milliseconds. On the other hand, the time required to perform 
the passive template matching was 520 milliseconds. As expected, the required time 
to perform active template matching and its calibration procedures was longer than 
that of the passive template matching technique. 
The time required to perform the overall algorithm of the active template matching 
technique for a different combination of window sizes of the web image and the 
template image is shown in the Figure 6.23. In this timing analysis, the size of web 
image was 768x576 pixels and the size of the master template was 316x250 pixels. 
Two lines of the graph, representing the size of the web image and the template 
182 
Chapter 6 Results and Analysis 
image, were plotted. One of the lines showed the time required to perform the 
algorithm for a fixed size of web image of factor 0.25 with a variable size of master 
template of scale factor range from 0.1 to 0.48. The line showed that the required 
time to perform the algorithm increased slightly before decreasing again. On the 
other hand, the second line showed the time required for a fixed size of master with a 
variable size of web image. The scale factor of master image was fixed at 0.25 and 
the variable size of web with scale factor ranged from 0.14 to 0.4. As expected, this 
graph indicated that the time required to recognise the pattern got longer as the size 
of the web image got larger. The intersection point of these two lines was the point 
where the scale factors for both the web image and the master image were equal to 
0.25. At this point the total time required to identify the pattern was 2584 milliseconds 
using the Intel Pentium 11 host computer. In order to avoid relative distortion between 
the web image and the master image, both mages used a scale factor of 0.25 in the 
implementation of the pattern recognition technique. 
The time required to extract the cutting path profile was depicted in Figure 6.24. The 
figure shows that the time required using the morphological technique and the chain-
coding technique was 127 milliseconds and 113 milliseconds. The morphological 
technique required a longer time than that of the chain-coding technique. This was 
due to the fact that more straight- forward and less operations were involved in chain 
code technique relatively to the morphological technique. 
other 
actiw template 
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33% 
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acquisition 
2% calibration 
VO process 
41% 
Figure 6.21: Percentage of Time Required for the Pattern Recognition 
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6.8 Analysis Source of Image Noise 
In general, there are three main sources of noise in the machine vision of the laser 
cutting system. These noises were due to dust and dirt, uneven light distribution and 
unstable camera. Prior to the acquisition of the image, sometimes, the presence of 
dust and dirt on the cutting table may have affected the acquired image of the web. 
This dust and dirt mainly came from the web itself or the surrounding environment. 
The effect of dust and dirt whose size was larger than the resolution of the image had 
a significant effect on the acquired image. The random speckle produced by the 
camera was the main source of noise. Another source of noise was due to uneven 
light distribution on the cutting table. This uneven light distribution was due to the 
lighting arrangements and the light source. It was difficult to get a very even light 
distribution for a large size of cutting area. 
Examples for each type of these noises on the image of the cutting table are shown 
in Figures 6.25 (a), (b) and (c). These figures illustrate the grey scale profile of a line 
at the center of longitudinal and lateral direction of the cutting table, respectively. The 
noise due to uneven light distribution can be corrected using the flat-field correction 
method. Some of the noise due to random speckle by the camera as well as dust and 
dirt can be eliminated using low-pass filter and thresholding image processing 
techniques. It is a fact some of these noises still exist even after the image has been 
processed. 
6.9 Summary 
This chapter has presented and analysed the results of the pattern recognition 
techniques for machine vision of the laser cutting system. The feature recognition 
techniques to calibrate the web deformations can identify the features for errors in 
the material handling system. The percentage of time required to recognise these 
features and calibrate the web deformations was small relative to other operations. 
Therefore, the material handling system had a quick vision decision for the web 
transportation and manipulation. The active template matching technique was 
more robust relative to the passive template matching technique. The active template 
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matching technique can identify 2D-patterned shape cuttings for a relatively large 
web deformation. The percentage of time required to accomplish the template 
matching techniques was relatively high. The binary morphological techniques 
performed better than the chain-code technique for a wider range of web 
deformation. However, the chain code technique used less time to extract the cutting 
path of the motif shape. The results of the cutting path extraction will be used in the 
computation of trajectory planning of the laser beam-manipulator. This will be 
explained in the next chapter. 
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CHAPTER SEVEN 
TRAJECTORY PLANNING FOR THE HIGH-SPEED 
LASER BEAM MANIPULATOR 
7.1 Introduction 
In the previous chapter, a novel configuration of laser manipulator was described. 
This chapter will propose a method for generating fast trajectory planning for this 
laser manipulator which has distinct joint accelerations in the x and y-directions. This 
laser manipulator is used to direct the laser beam and cut 20-patterned shapes 
where the cutting path is determined by the vision feedback system of the machine. 
In this chapter, the basics of trajectory planning will be briefly explained, and the 
methodology of on-line trajectory planning generation described. The chapter will 
also highlight the significant issue of trajectory planning for the other configurations of 
laser-beam manipulators. Finally, this chapter outlines plans for the contour control of 
the trajectory planning and presents some important simulation results of the 
trajectory planning for the laser beam manipulator. 
7.2 Basics of Trajectory Planning 
Trajectory planning of laser beam manipulators relates to the way a laser beam is 
moved along the prescribed path of the 20 shape cutting in a controlled manner. It is 
concerned about when each point of the cutting path must be attained by specifying 
the timing. As a result, regardless of when each point of the 2D-patterned shape 
cutting is reached, the shape of the cutting path is always the same, but its trajectory 
will depend on the velocities and accelerations of the laser beam. Each point along 
the cutting path may be reached at different times and create different trajectories. In 
other words, trajectories are the position, velocity and acceleration of the laser beam 
for a particular motion as a function of time. 
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Basically, there are two types of trajectory planning namely joint-space trajectory and 
Cartesian-space trajectory planning. The main difference between these two 
trajectories is that for the Cartesian-space planning, the joint values must be 
repeatedly calculated through the inverse kinematic equations of the laser beam 
manipulator. On the other hand, for the joint-space planning, the generated positions 
of the laser beam relate directly to joint values. Cartesian-space is the most suitable 
approach for the trajectory planning of the laser manipulator because the machine 
vision will extract a series of known points on the planar Cartesian space of the 
cutting plane. This series of 2D-points along the edge of the cutting pieces 
represents the cutting path. The laser beam must follow exactly this cutting path 
profile on the cutting plane. Since all segments of the motion must be calculated 
based on the information of cutting path profile expressed in the Cartesian-frame, 
Cartesian-space movement trajectory is essential. The inverse kinematic equations 
will transform all segments of the motion expressed in a Cartesian frame of cutting 
plane into the joint variables. The joint variable displacements as a function of time 
are the inputs to the servo controllers of the laser manipulator, and the trajectory 
tracking is accomplished by the servo drives of the laser beam manipulator, in the x 
and y directions. 
The trajectory of these joint variables must be smooth to ensure an even heat effect 
zone along the cutting edge. A smooth trajectory planning of the laser manipulator is 
achieved when the trajectory has the property that the positions, the velocities, and 
the accelerations are continuous on the desired trajectory planning of laser beam. 
Indeed, the derivative of the accelerations may also be required to be continuous 
along the trajectory so that jerks or jumps in acceleration are avoided. This will also 
eliminate possible vibration of the laser manipulator. 
There are several schemes that can be used to plan the trajectory of the laser 
manipulator. This includes bang-bang velocity profile trajectory, trapezoidal velocity 
profile trajectory, sine function velocity profile trajectory or other polynomials 
functions to plan the trajectory. Trapezoidal velocity profile had been employed in the 
simulation of the trajectory planning since it provides the fastest trajectory relative to 
the others. A trapezoidal velocity profile shows the acceleration, constant velocity, 
and deceleration period of each individual segment of the cutting path. Various 
relationships can be developed for this profile so that given three parameters such as 
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the total displacement, the acceleration constraint, and the maximum allowable 
velocity, the remaining parameters describing the profile can be computed (Klafter 
1989). 
7.3 Planning of Cartesian Path Trajectory 
Prior to the cutting process, the lace-web materials are transported onto the two-
dimensional Cartesian cutting plane of the laser manipulator, which is also the field of 
view of the camera. Assuming that wrinkling of the web material is negligible, 
trajectory planning based on two dimensional cutting plane is adequate since the 
web lace fabric material is a thin flat material. As explained in the previous section, 
the geometry or pattern of web-lace materials can always be described in the X and 
Y coordinates of the cutting plane. These series of 2D pOints can be approximated as 
a set of straight-line segmentations in which the segments are linked in sequence, 
which form the cutting path. For example, the shape cutting shown in Figure 7.1 
consists of three long segment lines from point A to point D via point Band C. The 
motif pattern also consists of another series of points in X and Y coordinates. 
Obviously, the more points that define the shape of the motif, the more accurate the 
geometry of the motif is. The on-line machine vision feedback provides this geometry 
or patterned-shape data in term of its cutting path. These 2D X and Y points of the 
cutting path, which represent the coordinates of the cutting plane, must be converted 
to joint values of the laser manipulator through the inverse kinematic equations. 
y 
Figure 7.1: 2D-Patterned Shape Cutting with Motif 
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The inverse kinematics equation for the novel configuration of laser manipulators was 
derived in chapter three and it is shown in Table 7.1. Besides the new proposed 
concept of laser manipulator, there are several different configurations of laser 
manipulators that are commonly used. These different configurations of laser 
manipulators have their own advantages and disadvantages as discussed in chapter 
three. For a comparison of their trajectory planning, three different configurations of 
laser cutting machines will be considered. The system kinematics that transform the 
Cartesian coordinates to joint coordinates for these three types of laser cutting 
machines are given in Table 7.1. The equations of inverse kinematics for each laser 
manipulator define the joint variables in terms of the location of the laser beam in the 
cutting plane. When the path is planned, the motion controller uses the path 
information (coordinates) in calculating the joint variables from the inverse kinematic 
equations, and runs the laser beam accordingly. 
Two scanning mirrors 
(Jackson et al. 1996) 
Rocking type scanning 
mirror 
(Ishii et al. 1992) 
where 
1 -1 [YJ 
-tan -
2 h 
1 _1[(') ] K ; tan -;; cos~ -: 1 -1 [Y] -tan -
2 h 
1 -1 [ YJ 
-; tan -;: 
d= distant between two mirrors 
h= stand-off height 
Rp = radius of the slide pulley 
Table 7.1. Inverse Kinematics of Laser Manipulation Mechanisms. 
7.4 Methodology of Trajectory Generation 
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The novel configuration of a laser-beam manipulator consisted of a scanner, which 
could scan the fabric in the y-direction. The scanner was mounted on the one degree 
of freedom liner-slide mechanism, which moved in the x-direction. Figure 7.2 shows 
the configuration of the laser beam manipulator of the laser-cutting machine. The 
laser beam was manipulated in the x and y-directions simultaneously to follow the 
required cutting path profile. The detailed mechanism in which the laser manipulator 
had been configured was discussed in the previous chapter. 
DC·Servomotor with gearbox 
~ Linear slide / 
Figure 7.2: A Novel Concept of the Laser-Beam Manipulator 
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The main issue and challenge for this configuration of the laser manipulator is to 
optimise the trajectory planning methodology of the path tracking under different 
acceleration constraints in the x and y-directions. Previous research by Jackson et at. 
(Jackson et at. 1995) employed constant speed trajectory planning during the path 
tracking. However, using this technique, tracking capability deteriorated either at the 
sharp corners or at small-sized detail of the lace fabric due to the inertia of moving 
components and torque saturation of the servo drives. Veiko et at. (Veiko et at. 1999) 
proposed an improved control algorithm in order to optimise the speed of the 
trajectory planning for plotter type laser-cutting machine. Hace et at. (Hace et at. 
1998-b) implemented trajectory planning using sin2 acceleration in a system with 
inherent elasticity due to low cost belt-driven mechanism. A circular spline was 
inserted at a sharp corner of the trajectory planning. Nakamura et at. (Nakamura et 
at. 2000) developed an offline Cartesian trajectory generation and contour control for 
SCARA robot to achieve both optimum avoidance of torque saturation and delay 
dynamics compensation. Another researcher Ishii et at. (Ishii et at. 1992) employed 
the '1hree point method" in order to improve the average speed of the trajectory 
planning of a rocking mirror type laser cutting machine. The detailed literature review 
for the relevant trajectory planning was discussed in the chapter two. Most of these 
methods were designed for a system having similar acceleration constraints in both 
the x and y-directions. Hence, this chapter proposes a fast-computation trajectory 
planning approach based on modification of trapezoidal velocity profile for controlling 
the movement of the laser manipulators. 
In the trajectory planning of trapezoidal velocity profile, the problem of tracking the 
cutting speed with additional two distinct torque saturation of servo drives was 
considered. The joint dynamics of the laser manipulation system could be described 
by the second-order linear model. Coriolis and centripetal torque disturbances were 
neglected, while gravity torque did not exist as the laser beam manipulator was 
statically balanced. If sliding and rolling friction is assumed to be constant through the 
motion, the joint torque and acceleration are proportionally related as given by the 
equation (32) below 
[32) 
where 1:/, i=1, 2 represents the torque of the ith joint drive. 
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Since the joint torque and acceleration were proportionally related, torque saturation 
was avoided simply by imposing acceleration constraints in both joint drives. To 
control the velocity for one of the joint of the laser manipulator, it was necessary to 
feed the position versus time data as the setpoint of a position servo loop, and the 
servo of the joint would track the waveform of the position profile. Note that in this 
case the position profile information was explicitly sent to the controller of the joint but 
the velocity profile was implicitly sent. This was because the velocity profile of the 
joint was the first derivative of the position profile. 
This concept was extended to the both joints of the laser manipulator that steer the 
laser beam in the x and y-directions, simultaneously. Since each joint could 
conceivably has different displacement and acceleration constraints, then based on 
the maximum allowable velocity, each joint required a different time to achieve its 
motion. By forcing both joints to use the longest time, those axes whose motion times 
would have been shorter will require reduced velocities to make the total area under 
their velocity profile is the required displacement. Hence, the motion of these two 
joints was be interpolated where both joints start and stop at the same time. This was 
accomplished simply by forcing the total time for each motion to be the same while 
adjusting the maximum velocity for the each joint based on a fixed motion time and 
the desired displacement of each joint. The total time for the motion was obtained by 
looking at each motion individually. 
Three methods had been employed to generate and optimise the trajectory planning 
at the intermediate points between the initial and final position of the cutting path 
where the laser beam had to track. These were 
• Sharpness Elimination at Corners 
• Optimized Path Tracking Under Two-Level of Accelerations 
• Superposition of Two Successive Velocity Profiles 
The following sections of this chapter discuss how these methods had been 
computed and implemented in the trajectory planning of the laser manipulator. 
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7.4.1 Sharpness Elimination at Corners 
At the corners of the cutting path, acceleration demand becomes excessive. 
Consequently, torque saturation frequently occurs. One way to eliminate this 
occurrence, the laser beam is to decelerate towards the sharp corner and then stop 
completely. The lasers beam then accelerates and cruises to the next stopping point 
or corner. This stop-and-go motion will create jerky motion with unnecessary stops 
which does not minimise the time taken to complete the trajectory planning. To 
eliminate this occurrence, sharp corners were rounded up by curves, using either 
internal loop or external loop. The error ~ due to this internal rounded up was given 
by the equation [33] below, 
[33] 
where ill< and ay are the horizontal and vertical distance of the actual cutting profile 
from the sharp corner respectively as shown in Figure 7.3 (a). 
In this approach, the two segments of motion at the sharp corner were blended in 
such a way that the laser beam approached the sharp corner, decelerated if 
necessary, followed the blended path, accelerated once again toward the next 
segment. This created a much more graceful motion, reduced the stress on the 
actuator of the laser manipulator, and required less torque. If the motion consists of 
more segments, all intermediate segments are blended together. Notice that due to 
this blending of the segments, the laser beam will go through a different point P and 
not point Q as shown in Figure 7.3 (a). If it is necessary that the laser beam go 
through point Q exactly, then a different point T must be specified such that after 
blending, the laser beam still goes through point Q. Another alternative is to specify 
two via points Rand S before and after point Q, as shown in Figure 7.3 (b), such that 
point Q will fall on the straight-line segment of the motion between the via points thus 
ensure that the laser beam will go through point Q. 
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Figure 7.3: Trajectory Generation at a Corner 
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7.4.2 Optimlzed Path Tracking Under Two-Level of Accelerations. 
The laser beam manipulator had two distinct acceleration capabilities due to the fact 
that the scanner had much higher acceleration relative to the slide mechanism. In 
order to optimise the acceleration, the algorithm of the trajectory planning maximised 
the acceleration depending on the angles of the multi-segment-cutting path. This was 
to ensure that torque saturation did not occur at the corners of the multi-segment-
cutting path. The acceleration was a maximum in the scan y-direction or 90 degrees 
direction and a minimum in the slide x-direction or 0 degree direction. The trajectory 
algorithm correlated and determined the acceleration between these two angles in 
order to optimise the acceleration capability of the system. It was assumed that the 
acceleration and deceleration of individual segments was similar. To maximise the 
Cartesian acceleration in the x and y-direction, the critical angle to correlate the 
individual segment acceleration was determined first. If Axmax and Aymax are maximum 
accelerations in the x and y-directions respectively, the equation [34] for the critical 
angle ec is as follows. 
The optimised deceleration of trajectory planning for segment n is given by the 
equation [35] and [36] below 
A Acc =( xmax) if a< ec [35] 
n cos a 
Aymax 
if a ~ ec [36] Accn = (. ) 
sma 
The optimised acceleration of trajectory planning for segment n+ 1 is given by the 
equation [37] and [38] below 
A Acc 1 =( xmax) ifl3<ec [37] n+ cosp 
Aymax 
Accn+l = (. ) smp if 13 ~ ec [38] 
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Angle IX and ~ are the angle of line-segment nand n+1 respectively and they are 
measured from the horizontal line as shown in Figure 7.3. By employing this 
technique, the acceleration of each individual segment was optimised and 
determined on-line during the generation of the trajectory planning. 
7.4.3 Superposition of Two Successive Velocity Profiles 
During the cutting process, the preference was to move the laser through the series 
of cutting points without stopping and to contour the cutting path smoothly. 
Trapezoidal velocity profile, as shown in Figure 7.4, was implemented for each 
segment of the cutting path of length L. Thus, the movement of the laser beam in the 
Cartesian space was represented by linear function with parabolic blend in which the 
trajectory planning between the two end pOints of each segment was adequately 
described by the following polynomial functions. 
During the acceleration motion of the laser-beam for t < Tad 
2 
S(t) = Aacct 
2 
During the steady-state motion of the laser beam for Tad:5: t:5: T-Tad 
S(t) = Sad + Vrnax (t- Tad) 
During the deceleration of the laser beam for t > (T- Tad) 
where Sad: the displacement at the blend time 
T : the duration of the movement for each segment 
V max: maximum allowable velocity of the segment 
T ad : time at the blend time 
[39] 
[40] 
Ace: acceleration constraint of the servo drive in the Cartesian space 
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This superposition method was accomplished by shifting and adding the two 
successive velocity profiles in the first and second segments together. The 
integration of this velocity profile yielded the displacement profile which was 
formulated in the polynomial equations above. Implicitly, the displacement profile for 
segment n was obtained separately in term of xn(t) and Yn(t) with respect to the x and 
y-axis. Similarly, for the second segment n+1 the displacement profile was Xn+1(t) and 
Yn+,(t). The following Matlab code, shown in Figure 7.5, describes the manner in 
which this displacement profiles in the x and y-axis of the Cartesian cutting plane are 
obtained. 
%% A Simple Matlab code for finding the displacement profiles in the x and y-axis%% 
% Coordinates (Xs,Vs) and (Xend,Vend) are the initial and final coordinates of the 
% Ii ne-segment n+ 1 
% transform the cartesian to polar coordinate to find the exit angle BETA(~) and the length of 
% line-segment n+ 1. R 
[BETA. R) = cart2pol(S.O); 
BETA = BETA + atan2(Vend - Vs. Xend - Xs); 
% convert back the cartesian to rotate the coordinate 
[x. y) = poI2cart(BETA. R); 
Figure 7.5: A Simple MatJab Code for the Displacements in the x and y-axis 
The time at which these displacement had to be added to together depended on the 
time at which the velocity profile was being shifted and superimposed. For the 
deceleration time of the first segment (Tad1 ) shorter than or equal to the acceleration 
time of the second segment (Tad2). the velocity profile of the second segment started 
accelerating immediately after the first segment velocity profile started decelerating. 
For the deceleration time of the first segment (Tad1) longer than the acceleration time 
of the second segment (Tad2). the velocity profile of the second segment stopped 
accelerating immediately after the first segment velocity profile stopped decelerating. 
A part of the Matlab code to implement this superposition of the two successive 
displacement profiles in discrete time domain are shown below 
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% Part of Matlab Code to add the current segment velocity profiles with the previous 
% displacement profiles. Variables xin and yin are the previous displacement profiles with 
% respect to discrete time tin. Variables x and y are the current segmet displacement profiles 
% with respect to discrete time t. Variable xout and yout are the resultant displacement profile 
% with respect to discrete time tout after the addition. 
% find the discrete time in which the time is overlapping 
if Tad2 < Tad1 
oldoverlap = find(tin>=(tin(end)-Tad2)); 
newoverlap = find(t <= Tad2); 
else 
newoverlap = find(t <= Tad1); 
oldoverlap = find(tin>=(tin(end)-Tad1)); 
end 
% add the current discrete overlapping time with the previous displacement profile. 
t = t + tin(0Idoverlap(1)); 
%add the displacement profiles within the overlapping time 
xin(0Idoverlap)=xin(0Idoverlap)+interp1 (t,x,tin(oldoverlap)); 
yin(0Idoverlap)=yin(0Idoverlap)+interp1 (t,y,tin(oldoverlap)); 
% find the resultant displacements with respect to discrete time 
tout = [tin t(newoverlap(end)+1:end)); 
xout = [xin x(newoverlap(end)+1:end)); 
yout = [yin y(newoverlap(end)+1:end)); 
Figure 7.6: Part of Matlab Code to Add Two Successive Dlsplacements Profiles 
The combined velocity profiles were obtained by adding the slopes of the individual 
velocity profiles for each segment. The effect of this method is depicted in Figure 7.4. 
The combined values of displacement profiles in the x and y-directions were used as 
setpoints to the position servo of the laser manipulators in the x-axis and y-axis 
respectively. As a result, the net effect of this superposition method was a 
continuation of motion and reduced the time of the trajectory. Similarly, this concept 
was extended to a series of n-line segments of the 2D-cutting path. This was 
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achieved by simply either starting the (n+ 1 )th segment's motion at the deceleration 
point of the nth segment or alternatively starting the (n+ 1 )th segment's motion in 
such a way that the acceleration of the (n+ 1) segment and the motion of nth segment 
stop simultaneously. 
7.5 Simulation of the Trajectory Planning 
To demonstrate the use of the proposed trajectory planner, a simulation study of the 
laser manipulator had been carried out using the Matlab® and Simulink® 
environment, and the simulink block diagram of the trajectory planning is shown in 
Figure 7.7. The block diagram shows that to control the position of the laser beam on 
the cutting plane, it is necessary to first generate a trajectory (position versus time 
based on the a velocity profile description) in Cartesian space, and then the inverse 
solution is used to obtain the joint variables as a function of time. The joint variable 
displacements as a function of time are the inputs to the servos. A computer program 
written in Matlab code provided the trajectory planning of the laser manipulator. 
Based on the mathematical model developed in chapter three, a Simulink block 
diagram representing the dynamic model of the laser manipulator as well as the 
friction model simulated the trajectory planning. The simulation of the trajectory 
planning was divided into two major tasks. It involved offline trajectory generation and 
was followed by trajectory tracking. It was a fact that to achieve a smooth trajectory 
tracking, a certain control over the motion of a manipulator was desired. Cascade 
control was used for tracking the reference trajectory of the laser beam. The structure 
consisted of a typical inner current control loop, velocity control loop and outer 
position control loop. The trajectory planning was fed to the motion controller under 
the maximum velocity and accelerations constraint. PlO controllers were used to 
track the desired cutting profiles. Since the motion in the system was "point to point" 
where both positioning and the path took between the two points was also important, 
a piecewise linear time function was used and fed to the PID controllers. Using this 
method, the position of the initial and final trajectories were accurately controlled as 
well as the path between these two points 
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Figure 7.7: Simulink Block Diagram of the Trajectory Planning 
Assuming that both servo controllers can track these profiles simultaneously, the 
joints will move with the correct trajectories so that the laser beam moves as 
described in Cartesian coordinates. It should be apparent that if a trapezoidal velocity 
profile is specified for a motion, the profiles of the individual jOints may look nothing 
like it since the inverse transform is non-linear. This is also true for the other 
trajectory profiles of position, acceleration and jerk. The simulation of the trajectory 
tracking can be summarised into a computer loop as follows: 
• Calculate the positions based on the trapezoidal velocity function of the 
trajectory 
• Calculate the joint values for the position through the inverse kinematic of 
the laser manipulator 
• Send the joint information to the controller 
• Calculate the simulated Cartesian profile values of the laser beam through 
the forward kinematic equation 
• Go to the beginning of the loop 
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7.6 Simulation Results of the Trajectory Planning 
Two samples of the 2D-pattrened shape cuttings were used for detailed study of the 
trajectory planning as shown in Figure 7.1 and 7.8. The cutting path was drawn using 
the CorellDraw software package and stored as a HPGL file format. Alternatively, the 
previous developed computer program developed in chapter five can also be used 
offline to obtain the cutting path of 2D patterned shape. Matlab programs had been 
developed to read and scale this series of x and y-coordinates of the cutting path, 
accordingly. Based on this series of pOints, the trajectory planning of the laser 
manipulator was computed and generated. The results of the proposed trajectory 
planning are presented and discussed in the following sections. 
7.6.1 Contouring results 
The shape cutting, as shown in Figure 7.8, consisted of three cutting paths and was 
represented the x-y Cartesian cutting plane of the laser manipulator. The first and 
third cutting paths were straight-lines from point A (30,10) to point B (10,105) and 
from point C (220,105) to D (205,8) respectively. The second path was a curved 
path, starting from point B (10,105) to point C (220,105). In reality this third cutting 
path was a series of points connected in sequence to form the curve. Obviously, the 
more points that represented the curve the more accurate the curve was. 
The simulation results for contouring the shape of the cutting pattern is shown in 
Figure 7.9. The graph shows the position profile and velocity profile of the laser beam 
in the Cartesian cutting plane of the laser manipulator. The x-axis and y-axis velocity 
profiles are positive if the laser beam is moving towards the positive direction of the 
x-axis and y-axis respectively. Similarly the negative sign of the velocity profile 
indicates the laser beam is moving in the opposite direction. The resultant velocity is 
the addition of these two vectors of the velocity in x and y-axis. In this simulation, the 
maximum cutting speed in the Cartesian cutting plane was limited to 125mm/s. The 
acceleration of the x-axis and y-axis were constrained to a maximum value of 
100mm/s2 and 500mm/s2 , respectively. The laser beam did not stop at the corner of 
point Band C as indicated by the resultant Cartesian cutting speed of Figure 7.7 (b). 
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This continuous motion of the laser beam at the corners of the cutting path was 
achieved by employing the proposed trajectory planning method. The non-uniform 
velocity profile between point Band C was due the uneven distance of intermediate 
points representing the curve of the cutting path between the point Band C. 
20 40 60 80 100 120 140 160 180 200 220 240 X 
Figure 7.8: An Example of 2D-Patterned Shape Cutting of Lace Web Fabric 
The simulation results for the joint profile trajectory planning are shown in Figure 
7.10. The x-joint profile and the y-joint profile describe the trajectory planning of the 
slide mechanism and the scanning mechanism, respectively. This corresponding joint 
profile trajectory planning for the 2D-cutting shape was obtained by using the inverse 
kinematic equations of the laser manipulator which were given in Table 7.1. The 
radius of the pulley Rp was equal to 16 mm and the stand off height of the laser 
manipulator h was 385mm. The maximum acceleration in the x-joint was 11 radls2 
and the in y-direction was 0.75 radls2 which were within the acceleration constraint of 
12.5 radls2 and 1.3 radls2 respectively. The joint velocity and joint acceleration 
profiles were obtained by the first and second derivative of the joint position velocity 
profile. 
As mentioned earlier in section 5.4 of this chapter, two approaches of cutting profiles 
were possible at the sharp corners of the shape cutting. These were internal-loop 
and external-loop and their simulation results are depicted in Figure 7.11 (a) and 7.11 
(b) respectively. As expected, the internal-loop approach produced rounded-up 
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errors and the sharp corner was no longer maintained. Contrary to the first approach, 
the second approach using external loop cutting profile produced no rounded-up 
error at a sharp corner of cutting shape and without the need to stop the laser beam. 
The performance of the internal-loop approach with respect to its ability to pass 
closely to the intermediate point was dependent on the maximum Cartesian velocity 
of each segment and the areas under the deceleration and acceleration curves of 
segment 1 and segment 2 respectively. In general the slower the motion, the nearer 
the trajectory comes to the intermediate points. Therefore, as the maximum 
Cartesian speed of the laser beam was increasing, the actual tracking path deviated 
significantly from the desired cutting path. For the acceleration, the trend was that the 
higher the acceleration, the rounded error was minimised. The analysis of these 
rounded-up errors which were inherent in the internal-loop approach is shown in 
Figure 7.12. If the rounded-up error is defined as in equation [33], the rounded-up 
error of laser manipulator having distinct acceleration constraints will be performed 
better than that of having similar acceleration constraints. 
Two types of laser beam movement were used to analyse the speed of the proposed 
trajectory planning, either stops or continuous movement at every point of the cutting 
path. Compared to the conventional method where the laser beam stopped at every 
point, the average cutting speed was improved significantly using the internal loop 
approach. For the cutting shape of Figure 7.1 and with the maximum speed of 150 
mm/s, the ratio of the average cutting speed to the maximum speed was improved 
from 0.45 to 0.7 as shown in Figure 7.13. As expected, at the lower speed the 
improvement was not that significant. 
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7.6.2 Synchronisation of the Required Laser Power 
Apart from the macrostructure features of the web lace fabric, the heat affected 
zones of laser cutting are greatly influenced by the synchronization of the Cartesian 
cutting speed with the power of the laser beam. Previous research carried out by 
(Jackson et al. 1994-b) had estimated experimentally the relationship between these 
two parameters for various features of the lace fabric. The experimental results 
obtained were correlated with the simulated trajectory planning. For the cutting shape 
of Figure 7.1, the synchronisation of the required laser power with the speed of laser 
beam for cutting the shape is shown in Figure 7.14 (a). In general, with a different 
scale of magnitude, the profile of the required laser power must be the same as the 
Cartesian velocity of the laser beam in order to ensure an even heat affected zone 
along the cutting path. The simulated result shows that during the cruised Cartesian 
speed of 250mm/s, the required laser power was 19 Watts. The maximum required 
accelerations were 10 rad/s2 and 0.85 rad/s2 corresponding x and y-joint profile 
respectively. The simulated results of the required laser power with the both joint 
profiles of the laser manipulator are shown in Figure 7.14 (b) and 7.14 (c). 
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7.6.3 Comparison of Trajectory Planning 
From the literature review carried out in chapter two of this thesis, there were several 
configurations of 20 laser beam manipulators for the high-speed cutting process, and 
three of which will be compared in relation to their trajectory performance. These two 
degrees of freedom laser manipulators had been classified as follows; 
• two mirrors with double-revolute-joint (two scanner mirrors) 
• one mirror with double-revolute-joint ( rocking type scanner mirror) 
• one mirror with single-revolute-joint and single prismatic-joint (one 
scanner mirror attached to linear slide) 
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Examples for each classification of laser beam manipulators and their associated 
inverse kinematic equation are shown in Table 7.1 In evaluating the performance of 
these laser manipulators, the movement of the joint variables for cutting the shape of 
Figure 7.1 was analysed. For the trajectory of straight-line cutting, a scanner mirror 
mounted on the slide mechanism performed better than the other two types of laser 
manipulators. This can be visualised clearly in the Figure 7.15. The individual graph 
for normalised speed against time was plotted for each type of laser manipulators 
with respect to its associated cutting profile of Figure 7.1. As shown in Figure 7.15 
(a), for a straight-line cutting from point A to B, the speed of the x-joint for the 
scanner mounted on a slide mechanism was stable or constant whereas the other 
two types of laser manipulators, the speeds were not constant. Similarly for the 
cutting path of a straight-line between points C and D, the speed of the x-joint 
behaved exactly the same as before. For the straight-line cutting path between point 
Band C, the third type of laser manipulator required only the y-joint to be moved as 
shown in Figure 7.15 (b), whereas for the other two types of laser manipulators both 
the x and y-joints needed to be moved. For the cutting of the motif pattern between 
point D and A, all the three types of the laser manipulators performed equally well. 
However, the two scanners type laser manipulator would have performed better 
because it possesses less inertia and has higher acceleration relative to the other 
two laser beam manipulators. 
7.7 Summary 
This chapter has proposed a method for the trajectory planning of a high-speed laser 
manipulator based on the Cartesian space trajectory. The fast-vision driven trajectory 
planning for cutting 2D-elastic web fabric has been implemented and its results have 
been simulated based on the superposition of two trapezoidal velocity profiles. The 
algorithm optimised the average cutting speed under the two distinct acceleration 
constraints. To ensure an even heat affected zone along the cutting path, 
synchronisation of laser power with the cutting speed has been correlated and 
simulated. For straight line cutting, a scanner having one revolute joint and one 
prismatic joint performs better than the other configurations of laser manipulators. 
Compared to the time-consuming curve fitting technique, the trajectory planning 
213 
Chapter 7 Trajectory Planning 
method presented in this thesis allows fast computation and is well suited for on-line 
vision feedback of the high-speed laser manipulator system. 
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CHAPTER EIGHT 
CONCLUSIONS AND FURTHER RESEARCH 
8. 1 Conclusions 
In order to automate the manual cutting concept, this project has covered a wide 
scope of area on the development of an automated laser cutting system. Four main 
problems in automating the manual cutting method were addressed. These 
problems were method of material handling system, method of laser beam 
manipulation, method of cutting path extraction, and method of trajectory planning 
generation. The results of new techniques and designs to solve these problems were 
presented. 
A structure design approach for designing the automated laser cutting system was 
outlined. In order to automate the manual 2D-lace cutting concept, one conceptual 
design for the laser-beam manipulator and three conceptual designs of the material 
handling system were proposed. 
The performance of the proposed concept of the laser·beam manipulator was 
compared with other types of laser beam manipulator. Relative to other 
configurations of laser beam manipulator, the proposed concept of laser-beam 
manipulation allows high speed for straight-line cutting path with high agility for 
intricate motif cutting path. The use of a timing-belt to drive the linear movement of 
the laser beam manipulator provides a fast and cost-effective solution. The 
mathematical model of the system dynamic and the inverse kinematics equations for 
the laser-beam manipulator were developed. A method to create a fast and smooth 
trajectory planning was developed and simulated. The developed method of 
trajectory could accommodate the proposed concept of laser-beam manipulator 
whose joint accelerations are distinct. The results of the trajectory planning have 
also been explained. 
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A novel test-rig to prove the proposed concept of material handling has been 
designed and realised. In addition to transporting the web fabric to and from the 
cutting area, the web material was able to manipulate and minimise the web 
deformations so that high cutting accuracy can be achieved. This intelligent material 
handling system used machine vision to analyse the web image and make decision 
during the handling sequence of the operations. Two-stage PlO control was 
implemented to control the motion of the material handling system. The working 
principle of this intelligent material handling system was demonstrated. 
Results for the active and passive template matching techniques for the recognition 
of 20-patterned shape cutting were presented. The robustness of the template 
matching techniques was compared for different web deformation parameters, which 
were web elongation, web skew, web alignment and web position. Relative to the 
passive template matching technique, the results of the active template matching 
technique were more robust and accurate in all aspects of web deformation 
parameters. Similarly, the results of the chain-coding technique and binary 
morphological technique for the extraction of the 20-shape cutting path were 
presented. The results showed that the binary morphological technique was more 
stable and accurate. The developed test-rig of the material handling system has been 
used to test the robustness of the template matching and the extraction of the 20-
shape cutting path. 
8.2 Further Work 
The objectives of this research work have been achieved. Based on the research 
carried out, below are several recommendations for future work that would give a 
better performance of the existing test-rig. These include; 
• Material Handling System 
• Laser Beam Manipulator and Material Processing 
• Pattern Recognition Techniques 
• Expert System 
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8.2.1 Material Handling System 
The material handling system can transport and manipulate the web within the 
required control limits of the web deformations. But the speed of the material 
handling system to accomplish these tasks needs further improvement. Relative to 
the speed of the pattern recognition technique and the trajectory of the laser beam, 
the material handling system is still not fast enough. Therefore, the improvement on 
the feeding mechanism, the addition of another stationary gripper and the design of 
more robust method of motion control can facilitate a better performance of material 
handling system. 
The existing feeding mechanism guided and fed the web so that the web was always 
position at the centre of the cutting table. The gravity force was used to reverse the 
direction of web movement. To increase the robustness of the material handling 
system, the feeding mechanism should be able to pull the lace backward and adjust 
the lateral movement of the web. This will enable the movement of the web to be 
adjusted longitudinally with the moving gripper and the laterally with the feeding 
mechanism. Hence, further research on the design of the feeding mechanism is 
required. 
The existing material handling system used two grippers, one was moving and 
another one was stationary. In spite of using one stationary gripper, the use of an 
additional stationary gripper could also facilitate the manipulation of web more 
effectively. This additional gripper can assist the moving gripper for grasping and 
holding the lace during the web manipulation and cutting process. Therefore, it is 
recommended that an additional stationary gripper is used in the future material 
handling of the laser cutting system. 
Beside the gripper inertia, the method of control needs improvement. This is because 
the use of laser as a cutting tool provides a high-speed cutting process. But this is 
only feasible if the speed of material handling operation is relatively fast. Even though 
the results of this research indicated that the novel design of the material handling 
system is reliable and stable, the speed and accuracy of web transportation and 
manipulation need improvement. The use of a two-stage PID controller to control the 
motion of the moving gripper is still inadequate. The nonlinear behaviour of the web 
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deformations during tensioning and the friction of the linear slide demand a more 
robust method of motion control. As such, further research on the design and 
implementation of a more robust method of motion control system is essential and 
required for improving the dynamic performance of the moving gripper. 
8.2.2 Laser Beam Manipulator 
There is no doubt that the proposed concept of a laser-beam manipulator is the most 
optimum solution for cutting straight lines as well as intricate cutting paths. But this 
configuration of laser-beam manipulator has not yet been fabricated. Therefore, the 
expansion of this research project should include the fabrication and installation of 
the laser-beam manipulator to the laser cutting system as well as the integration of 
another vision system for quality control inspection after the cutting process. The 
developed trajectory planning of the laser beam and the laser beam manipulator can 
be used for the laser material processing, and the assessment on the quality of the 
edge of the shape cutting can be performed using the additional machine vision 
system. Hence, further research on the material processing aspects and the image 
analysis of the 2D-cutting shape after the cutting process are needed. 
8.2.3 Pattern Recognition Techniques 
The results of the active template matching were accurate for a wide range of web 
deformations. This indicated that for cutting large shape patterns a high accuracy of 
cutting can be achieved since active template matching techniques were used for the 
identification of the important features of the shape cutting. However, the extraction 
of the cutting path for small motif cutting is still not very robust for a wide range of 
web deformations. Basically, there are two types of errors in the extraction of the 20-
shape cutting path, namely overcut and undercut errors. Besides image acquisition 
and pattern variations, these errors were mainly due to the non linear and 
non homogeneous property of the lace web. These errors occur when the 
deformation of the web was large and the amount of these errors was quantified by 
the 2D-shape cutting parameters. In this research the chain-code technique and the 
binary morphological technique were applied separately. It is recommended that for 
219 
Chapter 8 Conclusions And Further Research 
the future research the binary morphological technique is applied first to define the 
shape cutting and then the chain-code technique is applied for trimming the shape 
cutting. This can be achieved if the initial stage extraction of cutting path is performed 
by the binary morphological technique. Then chain-code technique can be used for 
trimming the edge of the motif and then extracting the final cutting path of the shape 
cutting. This is because the binary morphological technique can cope with wider 
range of web deformations and the chain-code technique provides a high accuracy 
for small range of web deformation parameters The combination of these two 
methods will give a better accuracy and robustness for a wider range of web 
deformations. 
The size and value of the kernel for dilation depends on the shape and size of the 
motif and it was pre-determined manually before the execution of the algorithm. Even 
though the web was deformed and disfigured, this size and value of the kernel were 
not adaptively changed according the web deformations. Hence, a dynamic dilation 
operation for the pattern recognition technique of 2D-motif cutting is required. 
(a) Undercut (b) Overcut 
Figure 8.1: Errors of Cutting Path Extraction 
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8.2.4 Knowledge Based Laser Cutting System 
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Figure 8.2: Knowledge-based laser cutting system 
A knowledge based laser cutting system is another main extension of this research. 
This is because, laser cutting is a highly non-linear cutting process and consequently 
very difficult to analyse and predict analytically. The implementation of a knowledge 
based system that can determine acceptable operating parameters when changes in 
lace web features, thickness, tension, material, geometry, dimensional accuracy 
surface texture and web deformation is required. A knowledge based system to 
accurately determine the required laser power as a function of the cutting velocity, 
the various features of the lace pattern and the lace tension are essential. This is 
because a high quality heat affected zone is not only influenced by the 
synchronisation the laser power with the trajectory planning but also with the feature 
of the lace pattern as well as with the web tensioning involved during the cutting 
operation. These complex laser·cutting phenomena need further research in order to 
establish an appropriate cutting model to describe and control the laser power of the 
cutting process. Two sets of vision system can be integrated with the laser cutting 
system before and after the cutting process. The knowledge-based system can use 
information from these two sets of vision systems to adaptively change the operating 
parameters of the laser cutting, which affect the cut characteristics. 
Figure 8.2 shows an example of a knowledge-based system for the further research 
extension on the laser cutting of 2D'patterned shape cutting. The figure shows how 
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knowledge based expert system can be integrated with the material handling system, 
pattern recognition techniques and quality control of the laser cutting system. 
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10.1 Parameters for the Laser-Beam Manipulator 
10.1.1 Specifications for the actuators of the laser-beam manipulator 
DC·Motor Parameters Specifications 
Linear slide Scanning Mirror 
Motor inertia, Jo (komm< ) 21.40 13.00 
Torque Constants, Km CmNm/Al 90 23.333 
Back-EMF constant, Kb (mVs/rad) 108.2 22.9 
Nominal Voltaoe (V) 24 12 
Power output (IN) 15 3.8 
No-load speed (rpm) 2200 4900 
Stall Torque (mNm) 270 29.4 
Terminal Resistance(!l) 7.8 9.5 
Rotor Inductance (mH) 5 0.8 
Motor viscous dampinQ Co IlNms/rad 10 0.45 
Table 10.1 a : Specification for the actuators ofthe laser-beam manipulator 
10.1.2 Parameters for the components of the Laser-beam manipulators 
Components Parameters Specifications 
Inertia of the driving pulley assembly J2 81.25 kgmm 
Inertia of the driven pulley and laser J3 550.00 kgmm' 
head assembly 
Viscous damping coefficient for the C2 IOIlNs/rad 
driving pulley assembly 
Viscous damping coefficient for the C3 IOIlNs/rad 
driven pulley assembly 
Gear Ratio RoIR, 0.33 
Radius of the driving and driven Rp 20mm 
pulley 
Table 10.1 b: System Parameters for the Laser Beam-Manipulators 
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10.2 Friction Model 
10.2.1 Sliding Friction model 
The sliding friction force is given by the equation (Armstrong-Helouvry et al. 1994) 
below 
where Ff(v) sliding friction force 
v relative velocity 
F. static friction force 
Fe Coulumbic/kinetic friction force 
kv viscous friction coeffient 
V, 8tricbeck velocity 
(J empirical parameters (normally 1.5) 
10.2.2 Rolling Friction Model 
Rubber Friction Roller (Driving) 
\ 
Fabric 
__ -__ \ R"b\ _00 "'". (Dri~) 
F 
, ......... . 
• •• Zk 
. {"'::',:'\ ~ ~C~-:;.It, o_o"'\.!O.c.o_'1[_O_O_O_o_ 
: ffi2 : 
: .' 
'.. ..' a 
. . ..... 
Figure 10.1: ROiling Friction of Deformable Rollers 
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The coefficient of rolling friction for highly deformable roller/wheel is given by 
Stolarski and Tobe (Stolarski and Tobe ,2000) 
where rd dynamic radius of the wheel 
rk is the rolling radius of the wheel 
Zk normal reaction 
Mk resisting moment 
10.3 Modeling the Laser Beam Manipulator 
The conceptual design and the schematic drawing of the laser beam manipulator are 
shown in Figure 3.5 and Figure 3.8 respectively. 
The equation for the motor shaft, 
The equation of motion for the torque transmitted to the driving pulley shaft can be 
written as follows, 
The force F; is the initial pretension force of the belts. The force, Fa and Fb, are forces 
due to the tight and slack belts tension respectively. These two forces as a result of 
the elasticity of the timing belt can be expressed as follows, 
[ 
dl!..(t)] Fa = F; + Kal!..(t) + Ca-:it 
where elongation of belt, I!..(t) = R2B2 (t) - R3B3 (t) 
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It is designed that the radius of both pulleys are identical and that the mechanical 
property of the timing belt are homogenous throughout its entire length. Hence the 
following design simplification can be made, 
Radius of both pulleys, 
Damping coefficient of belt, C.=Cb 
Stiffness coefficient of belt, K.=Kb 
The difference in tension force between the tight and slack belt can be deduced as 
follows 
If there is no power loss through the mechanism, we have To = 2L Ro . 
RI 
Eliminating To and T1 from equation 1 and equation 2, yields 
Substituting variables 82 = Ro 80 and 82 = 81 into the above equation and RI 
simplifying the equation, yields the first final equation of motion for the system 
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Similarly, by applying Newton's second law to the free body diagram of the driven 
pulley, the following equation can be derived. 
dB3 d2B3 
O=R3(Fa -Fb )+C3Tt+J3 7 
[ [ 
dB2 dB3 ]] dB3 d 2B) O=R3 2Rp Kb (B2 -(3)+Cb(---) +C3-+J)-2-dt dt dt dt 
0= 2R2[K (B _ B ) + C (dB2 _ d(3)] + C dB3 + J d2B3 
p b 2 ) b dt dt 3 dt 3 dt2 
Substituting the variables B2 = Ro Bo and B2 = BI into the above equation and 
RI 
simplifying the equation, yields 
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~ Kb 1 0 0 0 i - 0 
La La 1" 
0 0 
0 0 0 0 90 
X =1 2R2Kb[ROr Co +[ :~ r[C2 +2R~CJ 2R2 K [RO] 2R2C [RO] 1 I v. P b R P b R dBo 0 Km p RI I I + '02 
'02 '02 '02 '02 '02 dt Tf 
0 0 0 0 1 I 93 I I 0 0 
2R2 K [RO] 2R2 C [RO] 2R2 K 2 -~ C -2R Cb I dB3 p b R p b R 3 p I 0 0 -I 0 I I 
'3 '3 dt 
'3 '3 
whereJ02 =Jo +J2[~: r 
Figure 10.2: Detail State-Space Model for the Laser Beam Manipulator 
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Finally, we will get the second equation of motion of the laser beam manipulator 
Based on dc motor equation and the equations of motion above, the state equations 
are formulated shown in Figure 10.2 and can be represented by five state variables 
as follows 
B dBo 
o dt 
B dB3 ]T 
3 dt 
And the system input can be defined by this vector, V(t)= [Ea Tfriction]T 
10.4 Simplified Model of the Laser Beam Manipulator 
It is important to determine the initial design parameters of the laser beam 
manipulator so that the final layout of the system can be made. The system can be 
considered as one degree of freedom system if the effect of timing belt elasticity (belt 
stiffness and damping factor) is ignored. This assumption will facilitate the initial 
design process of the laser delivery system. The procedures to determine the 
differential equation representing the equation of motion for the simplified version of 
laser beam manipulator are developed and shown here. 
Using Newton second law of motion, the equation of torque provided by the motor 
dBo d2Bo T .. =To +Tf +Co--+JO - 2-dt dt 
and the equation of torque transferred to the pulley shaft 
T. = C dB, + J d
2
B, 
, T dt T dt2 
but we know that 
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Hence, substituting To and 91 into the above equation and simplifying the equation 
yield, 
T = Ro [C Ro dBo +J Ro d2Bo] 
m R T R dt T R dt 2 I I I 
Thus, the equation of motion describing the system can be rewritten as follows 
dBo d2BO Tm =Tf +C,q-+J,q-2-dt dt 
where the equivalent moment of inertia and viscous-friction coefficient are given, 
respectively, by 
J,q = [Jol+[~:r (Jr) 
c.q = [Col+[RoJ2 (CT) RI . 
h =J1+h+J3 
CT =Cl+C2+C3 
This enables the state space equations of the system to be written as 
Ra 
La 0 
X = 0 0 
Km 
J,q 0 
where X (t) = [i 
_ Kb 
La 
1 X + 
_ C,q 
J,q 
B dBo]T d 0- an 
dt 
1 
La 0 
0 0 U 
1 
0 J,q 
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10.5 Material Handling System 
10.5.1 DC-Servomotor of the Material Handling System 
Table 10.2 shows the parameters of the DC-servomotor to drive the moving gripper 
of the material handling system 
DC-Motor Parameters Specifications 
Motor inertia, Jo (kamm< ) 21.4 
Toraue Constants, Km (mNm/A) 90 
Back-EMF constant, KblmVslradl 108.2 
Nominal Voltaqe (V) 24 
Power outout (W) 15 
No-load soeedlmmT 1600 
Mass (knl 0.90 
Maximum radial force (N) 100 
Maximum axial forcelN) 15 
Rate toraue (mNm) 120 
Stall Tora-ue (mNm) 270 
Terminal Resistance/m 7.8 
Rotor Inductance (mH) 5 
Motor viscous damoina C. uNms/rad 10 
Table 10.2: Parameters of DC-Servomotor 
10.5.2 Incremental encoders 
An incremental encoder is fitted to the servomotor of linear slide. The encoder 
provides dual track TTL output signals of 500 pulses per revolution thereby enabling 
positioning resolution up to 2,000 counts per revolution to be obtained with the 12-bit 
HCTL2016 quadrature decoder/counter. The specification of the incremental encoder 
is shown in Table below. If Rg is the radius of the pinion gear, the resolution of the 
moving gripper is given by the equation below. 
21!R 
Resolution 9 = 0.015mml count 
2000 
243 
Appendices 
Line count options 500 
Supplv voltaae 5Vdc 
Output signal Dual track 
Signal format TTL 
Max. output frequency 100kHz 
Max. acceleration 250kradls" 
Table 10.3: Parameters of Incremental encoders 
10.5.3 Linear Slide and Carriage System 
The linear slide and carriage system consists of three main components and listed in 
the table below. 
Gear Rack and 
Pinion 
Linear Track and 
wheel 
Limit Switch Plunger activated limit switch 
Table 10.4 Parameters of Linear Slide and carriage System 
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10.5.4 Interface Card 
,PIN 
,i ,i 
1 
2 
3 
4 
8 
9 
10 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
17 
18 
19 
PB7 
PBO 
+5' Fused 
4 MHzOSC_ 
G DOV 
P 
P 
PA2 
PA3 
PA4 
PA5 
PA6 
PA7 
OUT1 
GATE1 
ClK 1 
OUT2 
GlK2 
ClKO 
Ol ro 
Gt rEO 
GI D 
J C rp 
,GND 
1+ 
1 + 
1+ 
1+ 
320+ 
320+ 
320+ 
320+1 i Gi 
320 
320 
320 
320 i 
320 i 
320 i 
320 i 
320 
320 
320 
320 
320+5 
320 
320 
320 
320+6 
320 
320 
~0+4 
~O 
~O 
+OXOC 
[ C O/P I+OX10 . Motor 
~CC :> 321+0X12 't.I~ 32 ~~  lE UFFEREDI/P 32 
iWc0DER c~ . B 320 + 8 36 
37 CODER_ '-'1-11111.1"'<='. A 320 + 9 
IB 
lA 
Table 10.5: 37 Way Connector for the Interface Card 
Appendices 
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An interface card was used to connect the computer of the laser cutting system with 
the sensors and actuators. This card is a mUltipurpose interface card which has a 37 
way D connector and wired to this are 8-bits digital I/O ports (8255 PIA IC) that can 
be configured as either inputs or outputs. There are three timer counters (8254 Timer 
Counter IC) where all of the three ports inputs and outputs are available on the D 
connector, an oscillator output up to 8 MHz is available to use as the clock input to 
these timers counters if required. There is a HCTL2016 quadrature decoder/counter 
interface IC capable of resetting and offering a 16-bit count. In addition to that the 
interface card has a dual 12-bit DAC (7806 device) that can b set up in bipolar mode 
with outputs of either ±5 Volts or ±10 Volts depended on the reference IC fitted. The 
interface card also has a 12-bit ADC (7537 device), which has a ±10 Volts input that 
is buffered by a low offset op-amp, where the gain can be adjusted. The Table 10.5 
illustrates the connection of the interface cards to the 37 way D connector. 
10.5.5 Amplifier 
This amplifier provides a continuous output power rating up to 60 Watts with precise 
servo control of dc servo motors. A specification of the amplifier is shown the table 
below and the detail explanation is given in its manual (RS Data Sheet 263-6027) 
Max. supplv voltaqe 30V dc 
Max. output voltage ±25V dc 
Max. peak continuous current 2A 
Max. peak current 4A 
Stall protection / over current protection 12T 
Proportional control signal +10V dc 
Table 10.6: Parameters of the Amplifier 
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10.5.6 Circuit diagram to drive the solenoid valve of the pneumatic grippers 
Diode 
IN4007 
IOKO 
5 Volts .....,.--f--,...~ 
Signals from th.!!:e~_-l 
interface card 
Logic Gates 
DM74LS02 
r---r_24 Volts 
Solenoid valve 
of the grippers 
Power Mosfet 
STP60NE06· I 6 
o Volts 
Figure 10.3 Circuit diagram to drive the solenoid valve of grippers 
10.5.7 Circuit diagram forthe Pneumatic Components ofthe Grippers 
~ 
r.r ~. 
@- [)Z1 ~ 
r.r I .. f ... 
5/2-Solenoid pilot operated valves 
with silencers 
I 
I 
I 
D?uble acting pneumatic cylind 
WIth flow control valves and 
proximity sensors 
ers 
Figure 10.4 Circuit Diagram to drive the Solenoid Valves of Grippers 
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10.5.8 Maximum Tensioning Force 
Parameters of Linear Slide mechanism 
Carriage mass ml= 1.95kg 
Clamping mass m2=0.60 kg 
Pneumatic piston mass m3=0.80 kg 
Fabric mass m4=0.20 kg 
Motor mass ms = 0.90 kg 
Guide way rolling friction J.l =0.01 
Radius of the pinion gear Rg = 4.8 mm 
Maximum stroke of the slide = 900 mm 
Maximum stroke of the gripper = 80 mm 
Inertia of moving gripper Jg =( ml+m2+m3+m4+mS) Rg2 
= (4.45)(4.8)2 
=102.528 kgmm2 
Motor inertia Jm = 21.4 kgmm2 
Totallnertia JT =102.528 + 21.4 kgmm2 
= 123.928 kgmm2 
Tension Force for Dynamic Tensloning 
Motor Torque T = FtRg + Tu 
Hence, 
Traction force exerted by the pinion gear Ft = (T, - Tu) 
Rg 
_ (0.12 - 0.002) 
0.0048 
= 20.84 N 
Maximum force of dynamic tensioning of the web, Fdynamic = Ft - flFn 
Appendices 
= 20.84 - (0.15)(4.45)(9.81) 
=14.29 N 
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Tension Force for Static Tensloning 
Traction force exerted by the pinion gear Fs = (Ts - Tu) 
Rg 
= (0.27 -0.002) 
0.0048 
= 55.833 N 
Maximum force for static tensioning of the web Fstatic = Fs - P.Fn 
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= 55.83 - (0.15)(4.45)(9.81) 
= 49.28 N 
10.5.9 Maximum steady-state speed 
Maximum speed of the moving gripper Vmax = Rgo> 
= _4._8(;:...1_60_0_x2_Il..:..) 
60 
= 804.25 mmls 
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10.6 Examples of a master template correction 
(a) Original master template before correction 
(b) Position correction of -6 mm (c) Position correction of +6 mm 
(d) Position correction of -12 mm (c) Position correction of +12 mm 
Figure 10.5: Images of Master Template after the Correction of Position 
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(a) Correction of +15 Degrees (b) Correction of -15 Degrees 
(c) Correction of +10 Degrees (d) Correction of -10 Degrees 
(e) Correction of +50 Degrees (f) Correction of -5 Degrees 
Figure 10.6: Images of Master Template after the Rotational Angle Correction 
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(a) Original master template before correction 
(b) -5 degrees skew angle correction (c) -2.5 degrees skew angle correction 
(d) 5 degrees skew angle correction (c) 2.5 degrees skew angle correction 
Figure 10.7: Images of Master Template after the Correction of Skew Angle 
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(a) 0 percent of the X-elongation 
o percent of the V-elongation 
(c) 4 percent of the X-shrinkage 
10 percent of the V-elongation 
(c) 8 percent of the X-shrinkage 
20 percent of the V-elongation 
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(b) 2 percent of the X-shrinkage 
5 percent of the V-elongation 
(d) 6 percent of the X-shrinkage 
15 percent of the V-elongation 
(d) 10 percent of the X-shrinkage 
25 percent of the V-elongation 
Figure 10.8: Images of Master Template after the Elongation Correction 
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10.7 Pictures of the Test-Rig 
Feeding 
mechanism 
Stationary 
gripper 
Breadth v'-_-j'--
lace web 
(a) Side View of the Material Handling System 
(b) Overall Front View Pictures of the Test Rig 
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Moving 
gripper 
mounted onto 
the a linear 
slide 
Limit switch 
Backlighting 
source 
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(c) Camera and Console of the material handling system 
(d) Pneumatic Components for the Grippers 
Figure 10.9: Pictures Of the Test-Rig 
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10.8 Accompanying CD 
Video Contents of the Material Handling System 
The video showing the sequence of operations for the material handling system is 
run under the QuickTime Player software or Microsoft Windows Media Player 
supported by Microsoft directx software . 
a) Set-up and initialisation sequence 
• IM000012.AVI 
• IM000013.AVI 
• IM000014.AVI 
• IM000024.AVI 
b) Automated lace web transportation sequence 
• IM000007.AVI 
c) Automated lace web tension correction sequence 
• IM000010.AVI 
d) Automated lace web transportation and position correction sequence 
• IM000017.AVI 
e) Automated lace web alignment and entanglement correction sequence 
• IM000023.AVI 
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